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AUTHOR’S PREFACE. 


The importance of the study ofThysics is now generally acknow- 
ledged. Besides the interest of curiosity which attaches to the obsei;;^ 
vation of nature, the experimental method furnishes one of the most 
salutary exercises for the mind — constituting in this respect a fitting 
sii]iplement to the study of the mathematical sciences. The methotl 
of deduction employed in these latter, while eminently adapted to 
form the hal)it of strict reasoning, scarcely affords any exercise for 
the critical faculty which jdays so important a part in*the physical 
sciences. In Physics we arc called upon, not to deduce rigorous con- 
sequences from an absolute principle, but to ascend from the parti- 
cular consequences which alone ai'e known to the general principle 
from which they flow. In this operation there is no absolutely cer- 
tain method of procedui*e, and even relative certainty can only be 
attained by a discussion which calls into profitable exercise all the 
faculties of the mind. 

B(i this as it may, physical science has now taken an important 
]ihx;e in education, and plays a prominent part in the examinationa 
for the different university degrees. The present treatise is intended, 
for the assistance of young men preparing for these degrees; brt I 
trust that it may also be read with profit by those persons who, 
merely for purposes of self-instruction, wish to acquire accurate 
knowledge of natural phenomena. Having for nearly twenty years 
been charged witli the duty of teaching from the chair of Physics in 
one of the lyceums of Paris, I have been under the necessity of 
making continual efforts to overcome the inherent difficulties of this 
branch of study. I have endeavoured to turn to account the expe- 
rience#thus acquired in the preparation of this volume, and I shall 
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be happy if I can thus contribute to advance the taste for a scicpce 
which is at once useful and interesting. 

For the convenience of candidates for the . Bachelor’s degree, I 
have appended to this treatise a number of problems, most of which 
have been taken from the examinations of the Faculty of Sciences of 
Paris or of the departments. With the same view I have made it 
my object to omit from the work none of the formuhe which are 
usually requii’cd for the solution of such questions. Beyond this 
point I have made very limited use of algebra. Though calculation 
is a precious and often indisj)ensable auxiliary of physical science, 
the extent to which it can be advantageously employed varies greatly 
^ocording to circumstances. There are in fact some phenomena which 
cannot be really understood without having recourse to measurement; 
but in a multitude of cases the explanation of phenomena can be 
ifendcred evident without resorting to numerical expression. In 
such cases calculation is of secondary importance, and may be said 
to be merely practical. 

The physical sciences have of late years received very extensive 
developments. Facts have been multiplied indefinitely, and even 
theories have undergone great modifications. Hence arises consider- 
able difficulty in selecting the most essential ])oints and those which 
best represent the jnesent state of science. I have done my best to 
cope with this difficulty, and I trust that the reader who attentively 
peruses my work, will be able to form a pretty accurate idea of the 
present position of physical science. I shall be happy in a second 
edition to avail myself of any observations which may be communi- 
<cated to me on this or any other point. 
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The ‘^TRATTfi Elkmentaire de Physique’’ of Professor Dcsclianc}, 
tliough only published in 18()8, has already obtained a high reputa- 
tion in France, and has been adopted by the Minister of Instruc '* 
as tlie text-book for Government Schools. 

I did not consent to undertake the labour of translating and 
editing it till a careful examination liad convinced me that it 
was better adapted to the requirements of my «wn class of 
Experimental Physics than any other work with which I was 
jic(piainted ; and in executing tlie translation I have steadily kept 
tin’s use in view, believing that 1 was thus adopting the surest 
means of meeting the wants of teachers generally. 

The treatise of Professor Deschanel is remarkable for the vicrour 
of its style, which s])ecial]y commends it as a book for piivate read- 
ing. But its leading excellence, as compared with the best works at 
present in use, is the thoroughly rational character of the information 
which it presents. There is great danger in the present day lest 
setence-teaching should degenerate into the accumulation of discoa- 
nected facts and unexplained formula?, which burden the memory 
without cultivating the understanding. Professor Deschanel has 
been eminently successful in exhibiting facts in their mutual connec- 
tion; and his ap])lications of algebra are always judicious. 

The ])eculiar]y vigorous and idiomatic style of the original would 
be altogether unpresentable in English; and I have not hesitated in 
numerous instances to sacrifice exactness of translation to effective 
rendering, my object being to make the bool^ as useful as ])ossible to 
English readers. For the same reason I have not scrupled to suj)press 
or modify any statement, whether liistorical or philosophical, which 
1 deSned erroneous or defective. In some instances I have endea- 
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voured to simplify the reasonings by which propositions are estab- 
lished or formuhe deduced. 

As regards weights and measures, rough statements of quantity 
have generally been expressed in British units; but in many cases 
the numerical values given in the original, and belonging to the 
metrical system, have been retained, with or without their English 
equivalents; as it is desirable that all students of science should 
familiarize themselves with a system of' weights and measures which 
affords peculiar facilities for scientific calculation, and is extensively 
employed by scientific men of all countries. For convenience of 
reference, a complete table of metrical and British equivalents has 
been annexed. 

f' The additions, which have been very extensive, relate either to 
subjects generally considered essential in this country to a treatise 
on Natural Philosophy, or to topics which have in recent years 
occupied an important place in physical discussions, though as yet 
but little known to the general public. 

The sections distinguished by a letter appended to a number are 
all new; as also are all foot-notes, except those which are signed with 
the Author s initial “I).’' 

In many instapees the new matter is so interwoven with the old 
that it could not conveniently be indiaited; and 1 have aimed at 
giving unity to the book rather than at preserving careful distinctions 
of authorship. 

Comparison with the original will however be easy, as the num- 
bering of the original sections has been almost invariably followed. 

The chief additions in Part I. (Chap, i.-xviii.) have been under 
the heads of Dynamics, Capillarity, and the Barometer. Tlie chapter 
on Hydrometers has also been recast. 
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INCHKS AND TENTHS. 


TABLE FOR THE CONVERSION OF FRENCH INTO ENGLISH 

MEASURES. 


Measures of Length. 


1 Millimetre — 

1 Centimetre = 

1 Decimetre =: 

1 Metre . = 

1 Kilometre — 


•03937079 inch, or about Jj- inch. 

*3937079 inch. 

3* *937079 inches. 

39*37079 inches, or 3*2809 feet nearly. 
39370*79 inehes, or 1093*0 yards nearly. 


Measures of Area. 

1 sq. millimetre = *00155000 sq. incl’. 

] H(j. centimetre — *155000 sq. inch. 

1 sq. decimetre - 15*5000 stp inches. 

1 sq. metre — 1550*00 sq. inches, or 10*7043 sq. feet. 
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Measures of Volume. 

1 cubic centimetre = *0610271 cubic inch. 

1 cubic decimetre = 61*0271 cubic inches. 

1 cul)ic metre = 61 027 ’1 cubic inches, oi; 86*3166 cubic feet. 

The Litre (used for liquids) is the same as the cubic decimetre, and is equal to 1*76172 
imperial pint, or *220215 gallon. 


Measures of Weight (or Mass). 


1 milligramme ~ 

1 ctiiitigramme — 

1 decigramme = 

1 gramme = 

1 kilogramme = 


*015432349 grain. 

*1.5432349 grain.* 

1*5432349 grain. 

15*432349 grains. 

15432*349 grains, or 2*20462125 lbs. avoir. 


Measurer involving reference to two units. 

1 gramme per S(|. centimetre = 2*048098 ll>s per sq. foot. 

1 Idlogramme per sq. metre = *2018098 n fi 

1 kilograuime per b(|. millimetre = 204809*8 n n 

1 kilogrammetre — 7*23314 foot-pounds. 

I force do choval ~ 75 kilogram metres per second, or .542J foot-pounds per second 
nearly, whereas 1 horse- i^ower (English) 550 foot-pounds per second. 


TABLE FOR THE CONVERSION OF ENGLISH INTO FRENCH 

MEASURES. 


Measures of Length. 

1 inch =25*39954 millimetres. 

1 foot =r *30479449 inotre. 

1 yard — *91438347 metre. 

1 mile =1*60932 kilometre. 

Measures of Area. 

1 sq. inch =645*137 sq. millimetres. 

1 S(i. foot = *0928997 H(p metre. 

1 sep yard = "SStiOOTJ! s(p metre. 

1 sq. mile =2*589895 sep kilometres. 

Solid Measures. 

1 cubic inch =16386*6 cubic inilliinetrcs. 
1 cubic foot ='0283153 cubic metre. 

1 cubic yard = *7645131 cubic metro. 


Measures of CArACiTV. 

1 pint =*5676275 litre. 

1 gallon =4*54102 litres. 

1 bushel = 36*32816 litres. 

Measures of Weight. 

1 grain = *064799 gramme. 

1 oz. avoir. = 28*3496 grammus. 

1 lb. avoir. = *453593 kilogramme. 

1 ton =1*01605 tonne = 1016*05 kilos. 

Measures involvincj reference to 
TWO units. 

1 lb. per sq.foot = 4*88261 kilos, per s<p metre. 
1 lb.persq.inch = *0703095 kilos, per sq. cen- 
timetre. 

* 1 foot-pound = *138253 kilogrammetre. 
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NATUEAL. PHILOSOPHY. 


CHAPTER I. 

PRELIMINARY NOTIONS. 

^ 1. Origin of Natural Philosophy. — The object of Natural I^hil^- 
sophy or Pliysics (^y<xcc, nature) is the study of the material world, 
including the plicnoineiia which it presents to us, the laws which 
govern them, and the applications which can be made of them to our 
various wants. 

In its widest sense, the study of physics must be traced back to 
the origin of the human race ; for ever since man came into being, 
he must necessarily have been struck by the spectacle of the heavens 
and the continually changing aspect of terrestrial phenomena. But 
isolated and vague observations, and the barren admiration of idieno- 
mcna wliich provoke attention or excite curiosity, do not constitute 
science ; this can only exist where there is a mass of accurate know- 
ledge in which the facts are related to each other and studied in con- 
nection with the causes which produce them. This process of co- 
ordination is only possible after a considerable collection of facts has 
been Jiccumulated ; but it then becomes inevitable, from the very con- 
stitution of the human mind. Thus, in examining the history of 
tin nations among whom we place the cradle of our civilization, we 
lind constant efforts of philosophers to explain the mechanism of the 
external world, — to bring all the facts which nature presents to us 
under one theory — one system. The Greek philosophers, especially, 
who appear to have borrowed the greater part of their physical know- 
ledge from the Egyptian priests, have left us* different systems, by 
the aid of which they profess to explain all natural phenomena. 
Thus Thales, the most celebrated of the seven wise men of Greece 
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(640 B.C.), made water a universal principle, which nourishes 
at once the sun, the earth, and the planets. Plato (398 B.c.) 
assumed two distinct principles, matter and form, which by their 
combination give birth to five elements — earth,, water, fire, air, and 
ether. According to Anaximander, there is but one principle, the 
infinite, which gives birth to all bodies. According to Anaxagoras, 
air is the sovereign of nature. We need not stay to examine the 
exact meaning of these propositions, which, taken in their literal 
sense, appear at the present day sufficiently unintelligible. While 
acknowledging that these illustrious philosophers knew and taught 
some important facts of general physics, we are bound to remark 
that in the elaboration of their systems experiment played no part ; 
that observation itself only held a secondary place; and that their 
theories were veritable d priori conceptions, to which facts had to 
be accommodated. Hence there is nothing in their works approaching 
the experimental method wliich serves as the foundation of modern 
physics. Some faint foresh ado wings of this method may be traced 
in the works of Aristotle (383 B.c\), who was a discijde of Plato, but 
far superior to his master in scientific genius, besides being an emi- 
nent naturalist, and author of a history of animals, which alone would 
constitute an imperishable monument to his memory. Thus, to inves- 
tigate the weight of air, he had recourse to a direct experiment, which 
consisted in weighing a skin emj)ty and inflated. Finding no dif- 
ference in the weights, lie concluded wrongly that air is destitute of 
weight, and was thus led in his attempts at the explanation of certain 
phenomena to the famous principle that nature abhors a vacuum, 
which was universally admitted down to the time of Galileo. 

It M^as especially in the hands of Archimedes (287 B.C.), and the 
philosophers of the school of Alexandria, who may be regarded as 
his successors, that the method of scientific observation took a 
distinct form, and led to important results. Every one has heard 
of the admirable discoveries of Archimedes respecting the theory 
of the lever, tlie determination of centres of gravity, and the mea- 
surement of specific gravities by means of the principle which bears 
his name; discoveries founded upon experiments which were doubt- 
less not very accurate, but were regarded by liim as necessary in 
order to furnish a solid basis for his investigations. After him 
Hipparchus (140 B.C.), by means of persevering observations, meth- 
odically directed, changed the face of astronomy, and arrived at 
brilliant discoveries, among which the most notable was that of the 
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precession of the equinoxes. At a later period, Ctesibius, Hero, 
Posidonius, &c., following in the traces of their illustrious prede- 
cessors, advanced the boundaries of the exact knowledge already 
acquired, and originated several inventions disjdaying more or less 
ingenuity. To the first of these philosophers the invention of pumps 
aj)pears to be due, and tlie fountain of Hero still finds a place in 
all collections of pli37sical apparatus. 

Among pliilosophers behyiging more or less directly to the school 
of Alexandria, who have cnriclied science by important discoveries, 
we will only mention Plutarch, who is said to have discovered the 
i-efraction of liglit in its passage from air into water; and Ptolemj^, 
the author of various works on optics and celestial })hysics, wliich 
constitute a better title to glory than the astronomical system 
which bears his name, a sj^stem which only served to retard the 
progress of science. 

We will carry this historical review no further, but will contfiut 
ourselves with remarking that, starting from the seventh century, 
the period of the conquest of Alexandria by the Arabs, and the 
burning of its celebrated library, until the time of Galileo (15G4), 
science may be said to have been stationary. Still, some discov- 
eries of importance belong to this period; for example, that of tlie 
mariner’s compass, which was known from the thirteenth century. 
Shortly before Galileo, the thermometer, the microscope, and tele- 
scope were invented; but it is unquestionablj^ to this distinguished 
philosopher that we owe the true scientific method — the method 
of experiment. His treatises upon filling bodies, the pendulum, fee., 
furnish admirable examples of the manner in which the physical 
investigator should inteiTogate Nature by the aid of experiment. 
It was by the introduction of this method that physical science 
became finally disentangled from the prejudices and a priori assump- 
tions which had hitherto impeded its progress. 

At the present day, after numberless discoveries which have 
introduced most material changes in our social condition, physical 
science has attained a very high degree of perfection. It is to the 
experimental method that we owe this result, and it is by remain- 
ing true to this method that we must hope to achieve fresh progress. 

2. The Experimental Method. — The exj)erimental method can 
easily be described in general terms: it coitsists in observing facts 
instead of trying to divine them; in carefully examining what 
really happens, and not in reasoning as to what ought to happen. 
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It is therefore entirely independent of metaphysics, which has always 
proved a false ally ; in fact, as long as the dominion of metaphysics 
lasted, science continued to run in the old ruts, which it did not 
leave till, thanks to the teaching of Bacon and Galileo, the convic- 
tion became established that there is no way of arriving at physical 
truths but by tlie help of observation and expeiiinent. 

The experimental method is usually called by logicians the method 
of observation, and induction. From the observation of particular 
facts it ascends to the general law which embraces them; being very 
different in this respect from the method of deduction employed in 
inatliematics, in which we always descend from a certain and abso- 
lute principle to the different consequences which flow from it. Let 
us enter into some details upon this point. 

3. Phenomena —Physical Law. — A phenomenon is any change that 
takes place in the condition of a body; the fall of a stone, the 
flo'ving of water, the melting of lead, the combustion of wood, for ' 
example, are phenomena. When we study the characteristics which 
belong to phenomena of the same class, we soon perceive that the 
vai’ious circumstances of their ju'oduction have a mutual dependence, 
so that if one of them varies, the others undergo a corresponding 
variation. The expression of this connection constitutes a physical 
law. 

Sometimes the law appears of itself and without difficulty, by 
means of observation alone. Such, for example, is the following: 
All bodies left to themselves fall to the surface of the earth. But 
more fi-equently the law is disguised by disturbing causes, whose 
influence should, as fiir as possible, be eliminated. This elimination 
is the object of experiment. Experiment difters from observation in 
this respect, — that the phenomenon is produced under conditions 
previously determined and regulated by the experimenter. If we 
wish to know, for example, what are the velocities which gravity 
produces in different bodies falling freely, we must not let them fall 
in air, because this fluid retards their movement, and that in unequal 
degrees for different bodies; we must operate in vacuo, and thus we 
arrive at the law, which observation alone could never have dis- 
covered, that gravity 2 >'roduces the same velocity in all bodies. It 
will be readily understood then that the art of experimenting, that 
is, of regulating the special conditions under which phenomena shall 
take place, and of measuring their constituent elements, is absolutely 
necessary to the physical investigator; and that a genius for physical 
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science mainly consists in the possession of this aptitude in a more 
or less eminent degree. 

We may remark that when the general law of a class of pheno- 
mena is known, the expression of this law is often called the physical 
cause of the particular phenomena which it includes. A phenomenon 
is said to be explained or accounted for, or traced to its cause, when 
we show that it is contained in the enunciation of a known law. 

Thus, when we have once Jaid down the principle that the volumes 
of gases under different pressures vary inversely as these pressures, 
we are in a position to explain a crowd of facts dc])endi ng on the 
action of a gas whose volume and pressure vary simultaneously. 

When tlie law of observed phenomena admits of numerical state- 
ment, calculation becomes a valuable instrument for making known 
all its conse(juenccs, and the experimental verification of these conse- 
quences con?ititutes a confirmation of the ])hysical law itself. Jn this 
way mathematical methods become powerful auxiliaries to physical 
science. 

4. Physical Theory. — The enuncia.tion of any one physical law, 
and the rational development of its conse(]uences, constitute a partial 
physical theory. The assemblage of all the laws which belong to one 
class of ])henomena, forms a more general physical theory; but it will 
be readily understood that these different laws may be merely corol- 
laries of a single law. 

The discovery of this single law, when it exists, marks a decided 
step in the progress of physical science. Thus Newton traced to 
the single law of gravitation all the movements of our planetary 
system, as well as those of bodies which fall to the surface of the 
earth. 

In like manner the different partial theories of optics are I’igorous 
consequences of the properties attributed to a fluid called ether, with 
which we suppose space to be filled, and whose vibrations serve for 
the propagation of light and heat. 

This work of synthesis, however, has as yet made little progress, 
though these last few years have been marked by very successful 
efforts in this direction; but it should be considered as the true object 
of physical science in general, and the highest generalization will 
have been attained when it has been demonstrated that all the phy- 
sical agents which have hitherto been regarded as distinct, are merely 
transformations of one and the same primordial agent. 

6,#T)ivisions of Physical Science. — Physical or natural science in 
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general comprises the aggregate of all the phenomena of the ex- 
ternal world ; but the accumulation of discoveries in different parts 
of this mighty whole has necessitated the division of it into several 
branches, wliich at present constitute distinct sciences. 

Natural History comprises all those facts which have reference to 
the different beings, organic or inorganic, which are found upon the 
surface of tlie globe; it is further subdivided into several parts. 
Zoology is occupied with the organization and habits of animals, with 
their regular classification, and with all the phenomena connected 
with their development and reproduction. Botany treats of the 
same questions with respect to vegetables. Mineralogy has for its 
object the description and methodical classification of the different 
inorganic bodies (minerals) which nature presents to us ; the know- 
ledge of the peculiar characteristics which serve to distinguish them 
from one another; and the enumeration of their principal properties 
as»well as of the various applications that can be made of them. 

Geology is the history of the earth; it recounts the different 
revolutions which have modified the surface of the globe cand finally 
brought about its present configuration, the arrangement and nature 
of the rocks that enter into its composition, and the description of 
those ancient animals and vegetables whose fossil remains are still in 
existence, belonging in many cases to types which have since become 
extinct. It is tlie basis of the art of the mining engineer, and enables 
him to follow a regular method in searching for the various metals 
or combustible substances which are hid in the depths of the earth, 
and which we employ to satisfy our various reepirements. 

Astronomy is occupied with the laws of the movements of the 
heavenly bodies ; thanks to the perfection to which our measuring 
instruments have been brought, to the progress of mathematical 
science, and to the discovery of the universal law of gravitation, 
astronomy has arrived at such a degree of perfection that it may be 
classed among tlie exact sciences. 

Besides natural history and astronomy, there is room further for 
distinguishing physics from chemistry. This latter science, in fact, 
has for its object the study of phenomena in which the essential 
character of materials seems to be changed; phenomena in which 
matter seems to be destroyed, or at least metamorphosed. If we 
take a piece of sulphur and heat it, it will melt; if we rub it with a 
piece of wool, it will acquire the power of attracting light bodies, 
and will present the peculiar and curious properties which are c^l ac- 
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teristic of electrical excitation; but the sulphur will not have lost its 
2)roper nature, and when the different influences to which it has been 
submitted cease to act, it will resume all its original characteristics. 
The sulphur under these circumstances has displayed physical pheno- 
mena. If, on the other hand, we place this same body in a fire, 
we shall see it burn with a blue flame; at the end of some time it 
will have entirely disappeared, or at least will have been transformed 
into a gaseous substance whieh is dissij)ated with the other products 
of combustion. In this case the sulphur has ceased to exist as sul- 
phur; a chemical phenomenon has taken place. 

In a more restricted sense, then, physics or natural philosophy is 
understood as embracing tlie study of all the phenomena of the 
material world except those which consist in the action of vital forces 
or of chemical affinities. It is in this restricted sense that physics forms 
the subject oT the present treatise. We may remark, however, that 
the two kinds of j)henomena are often produced by the same caustlfe, 
and that each is frequently the necessary consequence of the other. 
Thus in heating a body we render it better adapted to undergo 
chemical transformations; and, on the other hand, suck transforma- 
tions often produce a great quantity of heat. Physics and che- 
mistry, though pursuing different ends, should yet afford each other 
mutual assistance. For example, our ideas of electricity would be 
very imjjerfect without a knowledge of the curious and often useful 
chemical phenomena which it is capable of producing. 

A similar remark may also be made with regard to all the other 
branches of natural science. How, for example, can w^e separate 
mineralogy and chemistry, when it so often happens that the only 
means of recognizing a mineral is by making a chemical analysis 
of it? and when, on the other hand, a complete descrij^tion of the 
substances which the chemist produces in his laboratory, must neces- 
sarily include an account of their external characteristics, such as 
their crystalline form, which specially belongs to the province of 
mineralogy? 

To take another instance. Can we draw a sharp line of demar- 
cation between zoology and botany on the one side, and physical 
science and chemistry on the other? Does not the tissue of organic 
beings undergo various chemical reactions which are a necessary 
accompaniment of vital phenomena? Do hot physical agents in 
their turn produce phenomena of such a nature as completely to 
emba0*ass the physiologist and the physician, unless they are armed 
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with a knowledge of the laws which regiiliite the action of the^se 
agents upon inorganic bodies? 

Finally, though astronomy may seem to form a totally distinct 
science, consisting of the geometry and mechanics of the movements 
of the heavenly bodies, must it not avail itself of all the resources 
of physical science if it would an'ive at any rational conjectures 
respecting their constitution? We may say, tlien, that all the parts 
of natural science are interwoven together; they form one connected 
whole, and the division into distinct sciences has simply arisen from 
the vastnoss of the subject, which renders it impossible for any one 
mind adequately to follow the development of its various branches. 



CHAPTER II 


MECHANICS. 


6. Principle of Inertia. — The fundamental principle of physics is 
the inertia of matter. Inertia does not consist in the inactivity 
of material, particles, nor in the impossibility of changes being pro- 
duced in their states of rest or motion by their mutual action ; ^for 
a glance at nature is sufficient to show that repose nowhere exists, 
and that motion changes in an endless variety of ways. The prin- 
ciple of inertia is an abstract principle which must be considered as 
applicable to a single isolated particle. It may be eifounced in the 
following terms : — 

An isolated material point cannot change its state, rvhetller of 
rest or motion. That is to say, if it he at rest it will remain at rest; 
if it he in motion it ^vill continue to move in the same direction 
and with the same velocity. 

If, then, we see a material point which was at rest begin to move, 
or if we observe any change in the motion of a point, wc say that 
it has been acted on by a force. 

Without entering upon tlie very obscure subject of the intimate 
nature of forces — without seeking to know whether they form an 
essential part of bodies or have a separate existence, but only re- 
garding them in the effects which they produce, we may define 
them in the following manner: — 

A force is any cause which tends to urge a material point hi a 
definite direction with a definite velocity."^ 

7. Manifestations of Inertia. — The principle of inertia, as above 
enounced, does not admit of direct experimental verification; for 
we cannot observe a material point, which is a mere abstraction ; 

^ The words with a definite velocity only imperfectly express the i<lea intended to be 
conveyed. The correct phrase would be mth a definite acceleration. See Chap. v. 
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still less an isolated material point. The principle of inertia is one 
of those ultimate and abstract principles which presented themselves 
to the minds of the founders of the science of mechanics — of Newton 
especially — as the key and reason of the manifold and complex 
characters of external ^phenomena. But if it is impossible to verify 
the principle of inertia directly, it is easy to show its influence in 
external phenomena, this influence reducing itself evidently to the 
tendency of bodies to continue in their state of rest or motion. 

The tendency to continue in a state of rest is manifest to the most 
superficial observation. The tendency to continue in a state of 
uniform motion can be clearly understood from an attentive study 
of facts. If, for example, we make a pendulum oscillate, the ampli- 
tude of the oscillations decreases more and more ; and ends, after a 
longer or shorter time, by becoming nothing. This is because the 
pendulum experiences resistance from the air, due to the successive 
displacement of tlie particles of this fluid ; and because the axis of 
suspension rubs on its supports. These two circumstances combine 
to produce a diminution in the velocity of the apparatus until it is 
completely annihilated. If the friction at the point of suspension is 
diminished by suitable means, and the apparatus is made to oscillate 
in vacuo, the duration of the motion will be immensely increased. 

Analogy evidently indicates that if it were possible to suppress 
entirely these two causes of the destruction of the pendulum^s velo- 
city, its motion would continue for an indefinite time unchanged. 

This tendency to continue in motion Is the cause of the effects 
which are produced when a carriage or railway train is suddenly 
stopped. The passengers are thrown in the direction of the motion, 
in virtue of the velocity which they possessed at the moment when 
the stop{)age occurred. If it were possible to find a brake sufficiently 
powerful to stop a train suddenly at full speed, the effects of such a 
stoppage would be identical with those which would result from 
collision with another train of the same weight coming in a contrary 
direction with equal velocity. 

Inertia is also the cause of the severe falls which are often received 
in alighting incautiously from a carriage in motion; all the particles 
of the body have, in fact, a forward motion, and the feet alone being 
reduced to rest, the upper portion of the body continues to move, 
and is thus thrown forward. 

When we fix the head of a hammer on the handle by striking the 
end of the handle on the ground, we utilize the inertia of matter. 



INERTIA, FORCE. 


11 


In feict, at the moment of the shock, and of the stoppage which re- 
sults, tlie head continues to move, and ends after some blows by 
becoming firmly fixed. 

8. Mechanics. — All physical phenomena fundamentally consist in 
motions; but these motions are in many cases too minute to admit 
of direct observation, and are only inferred from their effects. Thus 
when a solid body is heated and melted, it is certain that the liquid 
state results from a particular. displacement of the molecules, and per- 
haps also from a change of their form — that is to say, from circum- 
stances which are reducible to motions; but the liquid body thus 
formed has acquired peculiar properties, which form a sulyect of 
study in themselves apart from the motions to which they are due. 

When motions are considered in themselves, according to their 
geometrical relations, and in connection with the forces which pro- 
duce them, they form the subject of the science of mechanics, whiclj 
must be regarded as an indispensable introduction to physics. Vie 
shall give in this chapter enunciations and illustrations of some 
fundamental pro])Ositions, referring the reader to special treatises oi> 
this subject for fuller information. ^ 

9. Elements required to specify a Force. — The material point sub- 
mitted to the action of force is called the point of application of 
the force. It tends, in virtue of this action, to move in a certain 
direction, which is called the direction of the force, and which can 
be represented geometrically by a straight line drawn from the 
material point. It is obvious also that the force must act with some 
definite intensity, which is different in different cases. This intensity 
may manifest itself, for example, by a greater or less velocity of the 
point, a greater velocity corresponding to a greater force. 

When two forces sepai*ately applied to the same point at rest give 
it the same motion, they may be called equal. The union of a num- 
ber of equal forces gives a force which is a corresponding multiple of 
(me of them, and thus the intensities of forces can be numerically com- 
pared. Forces then can be represented 

either by numbers or by lines; in the i J L 

latter case a certain length (as an inch) . ^ 

being taken to represent a certain force 

(as the weight of a pound). It is usual to indicate the direction of 
a force by a line AF with which the directioti of the force coincides, 
and to lay off on this a length AB representing (on the scale chosen) 
the ii^tensity of the force. 
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For accuracy, it is to be observed that the pound, ounce, and other 
units of weight are essentially units of mass, not of force. In order 
to render them available as accurate units of force, the locality must 
be specified, inasmuch as the force requisite to Support a pound of 
matter is different in different localities, being for example greater 
at the poles of the earth than at the equator by about 1 part 
in 190. 

10. Resultant. — When a material point or a system of points is 
urged by a certain number of forces, it will be readily understood 
that a single force of determinate magnitude, and applied at a suit- 
able point, may be capable of producing the same effect as all the 
given forces acting together. This single force is called the resultant 
of the given forces, and they are called its components. 

Thus, for example, a vessel descending a river, whether propelled 
by steam or wind, ])rovidcd its motion be rectilinear, is* really urged 
forward by a great number of forces applied at different points; but 
it is evident that a single force of proper magnitude and line of 
action would produce the same effect. 

It is not every system of forces that has a resultant; but, in the 
case of those which have, it is very important to determine its 
magnitude and position, for tlie study of the body’s motion will thus 
be evidently simplified. The following is an important case in which 
this determination is easily made. 

11. Parallelogram of Forces. — If a material point A is acted 
on by tivo forces represented in magnitude and d/irection by AB 

and AC, there is a 'resultant, wluch is exactly 

' - — ? 'ly presented by the d/t agonal AD of the parol- 

lelogram of ivhich AB arid AC are sides. 

\ " ^ This proposition can be verified exj)eriment- 

^ ally by the aid of the following apparatus due 

Fig. 2— to Gravcsande. ABDC (Fig. 3) is a parallelo- 
gram jointed at its four corners. To the points 
B and C cords are fixed, whicji, passing over the pulleys M and N, 
support at their extremities weights P and P', of 90 and CO ounces 
respectively. 

The lengths of the sides AB and AC are themselves proportional 
to the numbers 90 and 60. To the corner A is attached a 


weight P" of 120 ounces. In these circumstances, the parallelogram 
will take a ])osition of equilibrium, in which the cords attached to 
B and C will be found to form prolongations of the sides AR AC, 
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and Ihe diagonal AD will be vertical. But the forces P and P' have 
a resultant acting vertically at A, since their resultant must be equal 
and opposite to the weight F' which balances them. The diagonal 


M 



Fig. 3. — Gravesande’s Apparatus. 

AD therefore agrees with the resultant in direction; and it this 
diagonal is measured, its length will be found to bo 1 20 on the same 
scale oil which the lengths of AB and AC arc 90 and GO. 


T 



Fig. 4. — Composition of any Number Fig. 5, — rarallelopij)ed of 

of Forcee. Foroea. 


12. Composition of Forces. — Knowing how to find the resultant of 
.two forces, that is to say, to compound twcJ forces, applied to the 
same point, it is easy to compound any number. 

Le^ there be, for example (Fig. 4), four forces applied to the 
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material point A. We may compound first the force AB with AC, 
which gives the resultant Ar; this, compounded with AD, gives a, 
second partial resultant Ar', which, compounded with the fourth force, 
gives the comjdete resultant AR 

In the particular case of three forces (Fig. 5), it is easily seen that 
the resultant Ar' is the same thing as the diagonal of the parallelo- 
piped constructed on the lines AB, AC, AD whicli represent the 
three forces. In the figure, the parallelepiped has been completed to 
render this evident, but tlie construction 
amounts, as in the preceding case, to com- 
])ounding AB with AC, and their resultant 
Ar with AD. 

13. Composition of Parallel Forces. — When 
tvjo parallel forces F aoid F' are applied 
at the two extremities of a straight line, 
i^tey have a resultant R equal to their sum, 
and acting at a point C which divides the 
straight line AB into parts inversely p>ro 2 jortional to the forces. 




Fig. 7. — of Parallel Forces. 


If, for example, the two forces F and F' are equal, the point,C will 
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be at the middle of AB ; if the force F is double of F', the segment 
CA will be equal to half of CB. 

This proposition can be verified by the aid of the following appar- 
atus called the arithmetical lever (Fig. 7). 

The lever AB supports two equal weights P at its extremities; it 
is suspended at its middle by a cord whicli, passing over the pulley 
M, sustains a weight P'. It will be found that, when the weight 
P' has a certain value, the lever is in equilibrium ; whence it follows 
that the two weights P and the weights of the different ])arts of the 
lever, which we may suppose distributed two and two at equal 
distances from the middle point, have a resultant acting at this 
point, equal and opposite to the force P'. It will also be found that 
P' is equal to the sum of the two weights P together with the weight 
of the lever. 

In the cas§ of the second figure, a single weight P is placed at one 
<.)f tlie extremities B, whilst two equal weights are suspended at tl^e 
middle point C of the second half of the lever. It will be found that 
there is still c([uilibrium, provided that the weight P' is the sum of 
the three weights P and the weight of the lever. 

To interpret this ]*esult, we may remaik tljat the* lever being 
balanced directly by an equal portion of P', we may neglect its 
weight; there remain then only two forces, of which one, that on* the 
left, is double of the other. Now the resultant evidently passes 
througli the point of suspension O, wliich is exactly twice as far from 
B as from C. 

14. When the parallel forces F and F' act 
in opposite directions, there is still a result- 
ant parallel to the components, acting in the 
same direction as the greater, and equal to 
their difference F — F'. Moreover its point 
of application C is so placed that the distances 
CA and CB are inversely proportional to 
the forces, a result analogous to that which 
holds when the forces act in the same direc- 
tion. 

We see, as a consequence of this proposition, that if the two 
parallel and opposite forces differ little from one another, their 
resultant has a very small value, but its point of application is very 
remote. In the particular case in which the. two forces are equal, 
the rule of composition is absolutely inapplicable. Such a system, 


r F' 


Fig. fi. — rarullel forces in 
Oj)poKite Directions. 
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consisting of two equal and parallel forces acting in opposite direc- 
tions, is called a couple. It cannot be equilibrated or replaced by 
a single force, but obviously tends to produce a motion of rotation. 
Now in nature we frequently see bodies possessing at once a motion 
of translation and a motion of rotation. We may assume that the 
translation has been produced by a force and the rotation by a 
couple ; this latter then presents itself as a sort of natural element 
ill mcclianics. The idea of couples originated with the geometrician 
Poinsot, and has greatly simplified many mechanical problems. 

The perpendicular distance between the lines of action of the two 
equal forces which constitute a couple is called the arm of the couple. 
The product of one of the two equal forces by the arm is called the 
moment of the couple, and is the measure of the power of the couple 
to produce rotation. It is proved in treatises on mechanics that 
two cou])lcs acting on a body and tending to turn it in opposite 
(Jirections will ecpiilibrate each other if their moments are equal, 
even though they be applied at different parts of the body. Two or 
more couples acting on a body and tending to turn it in the same 
direction, may be replaced by a single couple whose moment is the 
sum of theii^ moments ; and any number of couples acting on a body 
and tending to turn it in any directions whatever, are always, except 
when they are in equilibrium, equivalent to 
^ a single couple. 

* 15. Composition of any Number of Parallel 

Forces. To compound a given number of 
parallel forces, F, F', F", F'", we may first 
compound the first with the second, which 
gives a partial resultant r; this compounded 
with the third force F", gives a second result- 
ant r', which combined with F'", gives the 
complete resultant K. It is clear that this 
procedure is apjilicable to any number of 
l ig 9 — Composition of any forccs, and that the resultant is always equal 

Nuiubei of laiallol Foicob. fol'CeS. As tO itS poiut of 

application, we may remark, that the point of application of the 
first partial resultant is obtained by dividing AB into two parts 
AI and BI inversely proportional to F and F'. In like manner 
the point of applicatio^i K of r' is obtained by dividing IC into parts 
IK and KC, inversely proportional to r and F" ; and lastly, the point 
of application L of the complete resultant is obtained hy performing 
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ail analogous operation on the line KD. Now it will be remarked 
that this series of constructions is independent of the absolute direc- 
tion of the forces, and only supposes that they are parallel; if then 
the forces were turned about their points of application in such a 
manner as still to remain parallel to one another, their resultant 
would still pass through the same point L. This point is on this 
account called the centre of parallel forces. 

16. Resolution of Forces. — ^s any number of forces can be com- 
pounded into a single force, so a given force can be (decompounded 
or) resolved into two or an3^ number of forces wliich w’ould pro- 
duce the same effect. Thus, for example, the force AD (Fig. 2) can 
be replaced by the two forces AB and AC, inasmuch as it is their 
resultant. It is obvious that, to resolve a force applied to a material 
point into two others having given directions, it is necessary to draw, 
through the extremity D of the line which represents the given force, 
lines parallel to the given directions. They determine by their 
intersections the points B and C, and consequently the magnitudes 
AB and AC of the two forces which can be substituted for tlie given 
force. 

The composition of several forces into a single force constitutes an 
obvious simplification. As to resolution (or decomposition), its utility 
is not so obvious. It may appear at first sight to be a complication. 
Such however is not always the case, and in the course of this trea- 
tise we shall find it of continual use. It will be readily conceived, 
in fact, that when a force is applied to a point whose movements are 
constrained bj^^ guides or physical connections, the effect which the 
force can produce is not easily jierceived. But it is sometimes pos- 
sible, by resolution, to rej)lace it by com])oncnts, of which some are 
destroyed by the conditions of constraint, and the others can act in 
a manner directly appreciable. 

. We will confine ourselves to a single example of this, namely, the 
explanation of the opposite courses which can bo taken by two 
sailing boats with the same wind. 

Consider, for example, the case of the first figure. The wind, 
blowing in the direction Vm, tends to exert a force which can be 
resolved at the point m into two components, one of them tt' tan- 
gential to the sail, which has no effect, the other, mr«/ perpendicular 
to the sail. This latter tends to urge the •boat obliquely towards 
the left of the figure. But as the boat can be moved much more 
easil^^in the direction of its length than in any other direction, we 
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may resolve this latter force into two components : one perpendicular 
to the length, which has little effect; the other in the direction of 
the length, which produces the forward movement of the boat in the 
direction of the arrow placed below the figure. 



Fig. 10, — Heaolutkm of Preasme of Wind on SaiJa. 


In tlie second figure it will be seen that the same methods of 
resolution lead to an opposite result, and that the direction of motion 
is opposite, though the direction of the wind is the same. In reality, 
the two motions are not directly o})posite, l)e(‘.ause the action of the 
component perpendicular to the length of the boat cannot be alto- 
getlier neglected, but produces what is called leeway. 

17. Work done by a Force. — In the different operations to which 
forces are a]^]ilied, such as the raising of burdens, the compressing, 
])icrcing, and jmlverizing of solid bodies, it is clear that it is always 
necessary to overcome a certain resistance and produce a certain 
disidaccment. Hence we are led to a special mechanical element, 
involving the joint consideration of force and the displacement of 
its point of application. This element is called work. 

The work done by a force is the product of the force into the 
displacement which it produces in its point of application. 

In this definition the force is supposed to be constant, and the 
motion of the point of application is supposed to coincide with the 
direction of the force. 

In stating the work done by a machine it is usual to take as unit 
of work the foot-pound; that is to say, the work done in raising a 
pound tlirough a height of a foot. 
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Tlie notion of work is itself independent of time; but it is evident 
that in practice it is advantageous for a machine to employ little 
time in producing a given amount of work. 

The unit employed* for expressing the rate of working of a 
machine is the horse-power, and denotes 33,000 foot-pounds of 
work done per minute or 550 foot-pounds per second. Thus a 
machine which can raise 12 tons through a height of 10 feet in 
2 minutes is a machine of.ratlicr more tlian 4 horse-power; since 
it does 12 X 2240 x 10 = 208,800 foot-pounds in 2 minutes, or 
134,400 in 1 minute; and 134,400 is rather more than 4 times 
33,000, 

17a. The above definition of luorh is only a])plicable to the case 
in which tlie displacement of the point of application of tlje force 
is in a direction precisely coincident with the direction of the 
force. It is often neciessary to consider cases where (owing perhaps 
to circumstances of constraint, or to the action of other forces besivies 
the one considered, or to previous motion) the ])oint of apj[)li cation 
of a force moves in a direction oblicpie to tliat of tlic force. In this 
case the force may be resolved into two components,^of which one 
is perpendicular and tlie other either coincident with or directly 
opposite to the direction of displacement. Tlie former of these 
components is to bo neglected in estimating the work done by the 
force; and the product of the latter component by the displacement 
is the work done hy or ayainst the force according as the direction 
of this component coincides luith or is opposite to that of the dis- 
placement.^ 

The necessity of having a name to denote the idea thus defined 
is obvious from the following ])roposition, which is called the prin- 
ciple of ivork 

Every machine may be regarded as an instrument for transmitting 
'vork; and if we neglect friction, we may assert that the work thus 
i cansmitted is unaltered in amount If, for example, the machine 
is driven by forces applied at points A], A 2 , &c., and if the machine 
overcomes resistances at points Bi, B 2 , <fcc., then the whole work 
done by the forces at Ai, A 2 , itc., estimated according to the fore- 


^ Or the work done by a force is the product of the force by the projection of the dis- 
placement of its point of application on the direction of the force, or is the continued 
product of force, displacement, and cosine of included angle. The three definitions are 
obviously equivalent. Work done against a foi*ce is to be regai‘ded as negative work done 
hy tht^orce. 
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going definition, will be precisely equal to the whole work done 
against the resistances at Bi, Bo, similarly estimated. 

The numerous vain schemes for producing perpetual motion are 
founded on ignorance of this law. They are attempts to make work 
increase in its transmission through a machine. 

Practically, work is always diminished in its transmission through 
a machine, owing to friction. The work thus lost leaves an equiva- 
lent in the shape of heat (see Chap, xxxii.) 



CHAPTER III. 
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18. Different States of Matter. — As the object of physics is the 
study of the general projierties of bodies, it is necessary for ns 
to form some idea of the constitution of the different kinds of 
matter. Matter presents itself in three different states: the solid, 
liqnid;^ and gaseous. Solid bodies are characterized by a kind of 
invariability of form; that is to say, their form cannot be changed 
without an effort, more or less considerable. Hence a solid body 
forms a firmly connected whole, so that the moverneftt of one of its 
parts produces motion in the rest. 

Liquids, on the contrary, a.j)pear to be formed of particles 'which 
are independent of each other and can obey individually the action 
of the forces which urge them, being able to slide j)ast each other 
with the greatest facility. From this property the name fiaids, by 
wliich, in (jommon with gases, they are often designated, is derived 
{jluere, to flow). This also is the reason why a liquid moulds itself 
to the form of the containing vessel. Liquidity, consisting essen- 
tially in the perfect mobility of the constituent parts of a body, may 
evidently be met with in different degrees of jicrfection. Thus sul- 
phuric ether and alcohol arc .more perfectly liquid than water; water 
itself is more liquid than oil, and so on. Viscosity is a name used 
to denote the want of independence between the particles of a 
liquid, which establishes a kind of intermediate state between these 
bodies and solids. Thus we may say that there is an insensible 
passage from liquids more or less perfect to viscous liquids, from 
these to plastic substances such as putty or moist clay, and from 
these last to solid bodies. 

Gaseous bodies, of which the atmosphere offers us an example, 
are formed, like liquids, of independent particles: but these particles 
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appear to be in a continual state of repulsion, so that a gaseous 
mass Las a continual tendency to expand to a greater and greater 
volume. This properfc}^, called the expansibility of gases, is commonly 
illustrated by the following experiment: — 

A bladder, nearly empty of air, and tied at the neck, is placed 
under the receiver of an air-pump. At first the air which it con- 
tains and the external air oppose each other by their mutual pressure, 



Fig. 11. — Expansibility of GcOsos. 


and are in equilibrium. But if we proceed to exhaust the receiver, 
and thus diminish the external pressure, the bladder gradually 
becomes inflated, and thus manifests the tendency of the gas wliieh 
it contains to occupy a greater volume. 

It follows from this property that, however large a vessel may be, 
it can always be filled by any quantity whatever of a gas, which 
will always exert pressure against the sides. It is in conseepence of 
the existence of this pressure, which is itself a result of expansi- 
bility, that the name of elastic fluids is often given to gases. 

It is necessary to remark that the same substance may, according 
to its temperature, assume any one of the three states. Thus water 
in the cold of winter assumes the solid state and becomes ice ; and, 
on the other hand, there is always more or less water diffused 
through the air in the gaseous state, called aqueous vapour. If the 
thermal conditions existing at the surface of the earth were to receive 
a notable change in either direction, some of the bodies which we 
habitually see in the liquid state would become either solids or vapours. 
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19. Molecular Constitution. — Whatever be the state under which 
a body presents itself, it is the general opinion of physicists that 
it is not composed of continuous matter, but is an aggregation 
of distinct parts held at a distance from each other. These con- 
stituent parts are called particles or molecules. They must be 
regarded as exercising two kinds of mutual actions, the one attractive, 
the other repulsive, which balance each other in. the case of solids and 
liquids. In the case of gf^ses this equilibrium does not subsist; 
there is a permanent repulsive force between the particles, which 
gives rise to expansibility or elastic force. 

The molecules^ of solids and of liquids ought not to be considered 
as similar. In the latter, in fact, each molecule can turn on its axis 
without producing any modilication in tlie equilibrium; in other 
words, equilibrium depends only on the molecular distances and not 
at all on the form or relative disposition of the molecules. An 
approximate idea of this physical constitution will be obtained Jl>y 
assuming that the molecules of liquids are spherical, and hence that 
molecular equilibrium depends only on the distances between the 
centres of the spheres. 

In solids, much depends upon the form and relative disposition of 
the molecules. It would seem as if these molecules (according to 
the ideas of some ancient philosophers) were formed with hUoked 
projections which become locked together and so give a determinate 
figure to the mass. It is not, however, necessary to hill back upon 
such a gross image as this for the explanation of rigidity. It is 
sufficient to conceive that when an effort is exerted against any part 
of a solid body, its molecules turn on their axes, assume new direc- 
tions, and take up a new position of equilibrium. Such a sup])Osition 
corresponds with that invariability of form which we are accustomed 
to connect with the solid state. In reality this invariability is not 
absolute. The smallest force applied to a solid body produces some 
change of form, but frequently this change is only appreciable when 
Uie force is very intense. 

20. Divisibility. — This hypothesis regarding -the cons1>itution of 
bodies amounts to assuming that matter is not infinitely divisible, 
but that, whatever be the means employed to produce division, 
there is for each body a limit below which it never descends. These 

^The hypotheses broached in the remainder of this section must be received with 
caution, as being merely conjectural explanations of the distinction between solids and 
liquids. 
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parts which always remain undivided are called atoms (a, privative, 
re/ui'cj, to cut) ; and we are to understand by this designation not 
elements which it is tmpossihlc to divide in an absolute or ineta- 
pliysical sense, but elements which arc not susceptible of division by 
any known forces. 

It is in chemistry especially that reasons are found for assuming 
a limit to the division of matter. In fact in chemical phenomena 
we see this division attain limits which, though doubtless very 
remote, are yet fixed. The composition of compound bodies is 
invariable, Avdjatever may be the circumstances of their production;^ 
their properties, whicli could hardly fiiil to be altered by k change in 
the size of the constituent particles, are also the same; whence it 
seems necessary to conclude that the elements between which chemicaj 
affinity is exerted are absolutely alike and unchangeable — have a 
definite existence. They are the veritable individuals of the mineral 
kingdom. These are what we mean by atoms. 

Ifiie notion of an atom does not involve the idea of size; but 
experience teaches us that their size must be excessively minute; 
for we can in several different ways divide matter into extiemely 
small parts, t/ithout finding any reason to think that we have 
attainc^d or even a|>proached the limit of division. We will cite 
some examples, which prove the extreme divisibility of matter. 

W ollaston succeeded in obtaining threads of ])latinum of a diame- 
ter not exceeding -sinroTFou inch. The method which he 

employed for preparing them consisted in drawing a silver wire 
with a platinum core, and dissolving the shell of silver in iritric acid. 
In this way threads can be obtained so fine that they are actually 
invisible to direct view, and tliat their existence can only be detected 
by the aid of certain special optical phenomena. In the art of beating 
gold, leaves are obtained whose thickness cannot exceed u-yxjWir 
of an inch. A scpiare inch of this leaf would weigh less than the 
■ 2 i)i-(nF ounce, and as a square whose side is of an inch is 

visible to the naked eye, it follows that this square inch of leaf 
contains more than 60,000 visible parts. 

The diffusion of colouring matters and perfumes affords a notable 
instance of the extreme divisibility of matter. A cubic millimetre 
of indigo (about of a cubic inch) dissolved in sulphuric acid, 

^This is called the law of “definite proportions.” The laws of “multiple proportions” 
and “equivalent proportions” furnish perhaps a still stronger argument for the atomic 
hypothesis. 
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can ‘colour to an appreciable extent more than 10 litres (about 2 
gallons)' of water. Now, a litre contains a million cubic millimetres; 
the cubic millimetre of indigo, therefore, in this experiment is divided 
into ten million visible parts. 

The diffusion of odoriferous substances is still more astonishing. It 
is well known that a grain of musk will continue for years to supply 
the air, which is continually being renewed around it, with a suffi- 
cient number of particles to eymmunicate to it its odour. The mind 
can hardly form an idea of the degree of tenuity which such par- 
ticles must have. 

21. Porosity. — Porosity is an immediate consequence of the 
hypothesis of molecular constitution. It consists in the existence, 
ill the interior of all bodies, of intervals or pores between their 
material particles. This {lorosity is often so marked as to permit 
the passage of liquids or gases through the substance of solids. It 
Ihen receives the name of permeahillty. Permeability is the [)roperty 
which is utilized in the employment of stone filters; the jiores are 
large enough to allow the water to pass, and small enough to prevent 
the passage of the small solid bodies held in suspension in the water. 

It is by means of permeability that the communication and con- 
tact of liquids takes place in organized bodies; for the vessels which 
contain them are nowhere open, and it is always through the sub- 
stance of their walls that the final changes of elements are made 
which arc necessary to vital action. 

By using great pressure, liipiids can be made to pass thi’ougli 
metals. Tliese latter, or at least some of them, iron and platinum 
for example, when raised to a high temperature, allow ready passage 
to different gases. Thus it is that cast-iron stoves, when red-hot, 
allow some of the deleterious products of combustion to jiass out, 
and sometimes occasion serious accidents. 

But even when no permeability can be detected, pores must still 
b(' assumed to exist; and the ])roof is found in the fact that all 
b.idies can have their volumes increased or diminished, — that they 
are dilatable and compressible. The dilatation of bodies by the 
action of heat is a general phenomenon which will be studied further 
on. We will here confine ourselves to. compressibility. 

22. Compressibility. — Compressibility consists in the reduction of 
volume which bodies experience under the action of external pressure. 
The compressibility of solids is extremely small ; that is to say, a very 
considerable pressure is required to produce any sensible diminution 
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of volume. The existence of such an efiect has, however, been well 
established, and it is found necessary to allow for it in structures. 

The compressibility of liquids, though greater than that of solids, 
is still very small. Hence, in comparison with gases, they have 
often been called incompressible fluids. It is easy with the aid of 

(Ersted's apparatus, represented 
in section in Fig. 12 , to show 
that liquids are more compres- 
sible than solids, and to measure 
approximately the degree of their 
compressibility. The liquid to 
be compressed is contained in a 
kind of large thermometer 6 , 
called a piezometer, whose tube 
has been carefully divided, and 
its reservoir gauged so as to de- 
termine how many divisions of 
the tube its volume is e(j[ual to. 
The tube is open at the top, and 
a globule of mercury, placed 
above the. liquid column, serves 
for index. The apparatus is 
placed in a vessel of water a, 
having very thick sides. 

When pressure is exerted by 
'* meai^s of the screw-piston kilt, 
the index of mercury is seen to 
Fig. i2.^cEr8tod’8 Piezometer. desccud, sliowiiig a diminution of 

the volume of the liquid. The 
amount of the pressure is known from the volume of air contained 
in the tube o, which serves as a manometer. In this experiment 
the number of divisions through which the extremity of the liquid 
column moves indicates the apparent diminution of volume; that 
is to say, the excess of the diminution of volume of the liquid 
above that of the envelope. It is easy, in fact, to understand that 
the piezometer itself must, under the pressure to which it is sub- 
jected, undergo a diminution of capacity, which must be taken into 
account. QCrsted supposed that this diminution was insensible, or 
nothing, since the pressure is exerted on the interior as well as the 
exterior of the piezometer. But this conclusion is erroneo^is; for 
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if ^he piezometer were solid and submitted to compression, the 
interior shells would react with a force precisely equivalent to tliat 
which is produced when the instrument is hollow and tlie liquid 
occupies its interior. The piezometer then, in QErstcds experi- 
ment, undergoes a diminution of volume equal to that which a 
solid piezometer would undergo in the same circumstances. In 
order, then, to find the true diminution of volume of the liquid, it is 
necessary to increase the apparent contraction by the contraction of 
the envelope. This latter element varies according to the 
quality of the glass of which the envelope is composed, but 
may bo estimated at about *0000029 per atmosphere of pres- 
sure. The true compressibility of water, according to recent 
experiments conducted under the direction of M. Jamin by 
Messrs. Arnaury and Descamps, is, at the temperature of 
15' centigrade, 0000457 per atmosphere. It diminishes 
when the temperature increases. Alcohol and ether are 
rather more compressilde, and their compressibility (unlike 
‘that of water) increases with the temperature. Mercury is 
much less compressible than water. Its variations of volume 
may therefore, in ordinary experiments, be neglected. 

""^^ ases are enormously more compressible than solids and 
liquids. This is easily shown by the pneumatic syringe. 

Fig. 13. It is a cylinder of very thick glass, closed at one 
end. A piston, which exactly fits the tube, is made to enter 
the other end, and can be forced in rpitil the air is reduced 
to a half, a third, or a tenth of its original voluTue. 

Hence it would seem to follow that in gases the spaces 
between the particles are much greater than in liquids and 
solids, and consequently that there is much less matter in 
the same volume. The same conclusion is established by 
the comparison of specific gravities. To give an idea of the 
difference, it may suffice to mention that water, when con- 
verted into steam, at the ordinary atmospheric pressure, 
and at the ordinary temperature of boiling water, expands pig. is.— 
1700 times, so that a cubic inch of water gives about a 
cubic foot of steam. 

23. Elasticity. — This term, when applied to solids, is used in 
modern physics to denote the property in vfrtue of which a body 
tends to recover its form and dimensions when these are forcibly 
changed. The great majority of solid bodies possess almost perfect 
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elasticity for small deformations; that is to say, when distorted, ex- 
tended, or compressed w'ithin certain small limits, they will, on the 
removal of the constraint to which they have been subjected, return 
instantly to their original form and dimensions. These limits (which 
are called the limits of elasticity) are different for different sub- 
stances; and when a body is distorted to an extent exceeding these 
limits, it takes a set, the form to which it returns being intermediate 
between its original form and that into which it was distorted. 

When a body is distorted (using this word to include extension or 
compression as well as change of shape) within the limits of its 
elasticity, the force with which it reacts is simply proportional to 
the amount of distortion. For example, the force re([uired to make 
the prongs of a tuning-fork approach each other by a tenth of an 
inch, is precisely double of that recpiired to produce an approach of 
a twentieth of an inch ; and if a chain is hmgthened a twentieth of 
4in incli by a weight of 1 cvvt., it will (if we ma}^ neglect the weight of 
the chain itself) be lengtliened ^ weigl)t of 2 cwt., 

the chain being supposed to be sufficiently elastic to experience no 
permanent set from this greater weight. Also (within the limits of 
elasticity) equal and opposite distortions are resisted by equal reac- 
tions; for example, the same force that suffices to make the ] wrongs of 
a tuning-fork a])proach by inch, will suffice, if a])plied in 

the opposite direction, to make them separate by the same amount. 

An important consequence which can be mathematically deduced 
from tlie laws ju.st stated, is that wdien a body is distorted within 
its limits of elasticity, the vibrations which ensue when the constraint 
is removed have periods which are independent of the magnitude 
of the distortion. For example, a common C tuning-fork makes 
about 528 vibrations in a second whether vibrating strongly or 
feebly; by whatever amount the prongs are made to approach each 
other, the time which elapses from their being released to the 
attainment of their greatest separation is of a second, and 

the same time elapses from their greatest separation to their nearest 
approach. The sum of these two intervals, of a second, is the 
period of a complete vibration; and during the whole time that 
the vibrations are dying away until the fork finally comes to rest, 
this period remains unaltered, the diminution of distance moved 
being exactly compensated by the increasing slowness of the motion. 

India-rubber has very wide limits of elasticity. Glass has 
sensibly perfect elasticity up to the limit at which it breaks. , 
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Putty and wet clay are instances of bodies which are almost 
entirely destitute of elasticity. 

The resistance of a cylindrical or prismatic bar to elongation 
or flexure is measured by a number called “Young’s modulus of 
eljisticity/’ .l^he following are examples of its value for diflerent 
substances, in kilogrammes per square millimetre: — 


Flint-glass, 5,851 

Brass, 10,9^8 

Steel, 21, i 9*1 


Iron (wrought), 19,994 

Do. (cast), 18,741 

CoppcT, 12,558 


To illustrate tlie meaning of this table by the case of steel ; a steel 
wire whose section is a square millimetre will be elongated by -ijTT irTr 
of its length by a weight of one kilogramme. The elongation 
is inversely proportional to the section and directly proportional 
to the stretching weight; so that a steel wire whose section is half 
a millimetre will, when stretched by a weight of six kilogrammes, 
receive twelve times the elongation above specified. « 

The resistance of a cylindrical or prismatic bar or beam to bending 
* (called its flexural rigidity) is proportional to the value of Young's 
modulus of elasticity for the material of the bar or beam ; so that 
from the dimensions of the bar, the value of this modulus, and the 
magnitudes and directions of the externally applied forces, the 
amount of bending could be calculated. 

The resistance of a cylindrical rod to twisting (called torsional 
rigidity) does not depend upon the value of Youngs modulus, but 
upon an entirely distinct element, an element which is sometimes 
called simply “rigidity,'’ and which expresses the resistance which 
a square of given thickness would oppose to being changed by 
external forces into a rhombus of the same area, having angles 
differing by a given small amount from right angles. 

Elasticity being a molecular phenomenon, it is to be expected 
that all circumstances which modify the molecular constitution 
of a body will alter its elasticity ; but in the present state of science 
it is impossible to predict a priori the nature and direction of the 
change, the effects being sometimes opposite for different substances. 
Thus tempering (that is to say heating followed by sudden cooling), 
which, as is well known, augments in a high degree the hardness 
and elasticity of steel, produces a reverse effect on the bronze 
of which gongs are made. This alloy, in fact, when cooled slowly, 
possesses the fragility of glass ; whilst, when cooled suddenly, it can 
be wrought with the hammer. 
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The elasticity of springs furnishes a simple means of comparing 
forces. Fig. 14 represents an apparatus designed for this purpose 
and called a dynamometer. It is formed of two plates of steel, AB 
and A'B', jointed at their extremities to two metallic bridles which 
connect them. To the middle of the upper plate is attached a ring, 
by means of wliich the apparatus can be suspended from a fixed 



point, To the middle of the lower plate is attached a hook, which 
can either receive a weight or serve as a point of application for 
tlie force which is to be tested. Under the action of the force thus 
applied tlic spring plates bend, the distance of the middle points 
increases, and this incrjease serves to measure the force . itself ; or 
the foi’ce may be measured by observing what weight must be 
sus}iended from the hook to produc® the same effect. 

Tlie spring-balance is another appamtus of the same kind. In its 
most common form it contains a spiral spring which is elongated by 
the application of the force which is to be measured. The equality 
of the graduations illustrates the law above stated of the proportion-' 
ality of distortions to the forces producing them. The resistance 
of a spiral spring to elongation depends chiefly (as shown by Pro- 
fevssor James Thomson) on the torsional rigidity of the wire which 
composes it. ' 

It is important to remark, that whereas a pair of scales is essen- 
tially a measure of mass, a spring-balance is essentially a measure 
of force. Hence if a spring-balance be gi'aduated so as to show 
weights correctly at a medium latitude, it will indicate too little if 
carried to the equator (where the force of gravity is feebler), and 
too much at the poles (where gravity is more intense). 
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24. Terrestrial gravity is the force in virtue of which all bodies 
fall to the surface of the earth. This force is general; its effects ai’e 
observed in all places and for all bodies. If some of these latter, as 
smoke and hydrogen gas, appear to be exceptions, it is because theji 
are sustained by the air in the same manner as cork is sustained by 
water. In space deprived of air, not only do all bodies fall, but, as 
we shall see later, they fall with equal velocities. 

25. Direction of Gravity. — The direction of 

gravity is called the vertical. It is easily 
determined by the aid of the simple ap- 
paratus called a plumb-line, which consists 
of a thread fixed at one end and carrying a 
heavy body at the other. Wheu the system 
is in equilibrium it is clear that the result- 
ant of the actions of gravity on all the parts 
of the heavy body has exactly the same 
direction as the thread, since it is this which 
prevents the fall. But it can be shown that 
this direction does not change when the form 
and volume of the heavy body are altered, 
it must therefore be the same as the direc- 
tion of the force which would act upon one 
of the elementary particles if suspended 
alone at the extremity of the thread. Fig is.-piumb-ime. 

It can be shown by experiment that the 
direction of gravity is perpendicular to the •surface of a liquid in 
equilibrium, or to use the common expression, to the surface of still 
water.^ For this purpose a plumb-line OA is suspended over the 
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surface of a fluid in equilibrium (which should be slightly opaque, 

as blackened water), and the 
plummet is allowed to plunge 
in the liquid. The image AB 
of the thread produced by re- 
flection at the surface of the 
liquid will be seen with 
great distinctness, and will 
be observed to be exactly in 
a line with the thread itself. 
Now we shall see in a sub- 
seqjient part of this trea- 
tise, that whenever reflec- 
tion takes place at a plane 
mirror, each point of the ob- 
ject and the corresponding 
point in the image are on 
the same perpendicular to ‘ 
the mirror and at equal dis- 
tances from the mirror on op- 
posite sides. Since, then, in 
the experiment here described 
the thread and its image are 
in one straight line, this line must be perj)endicular to the surface. 

The surface of still water de- 
fines in each locality what is 
called the surface of the earth. 
This expression denotes the sur- 
face of an imaginary ocean of 
calm water supposed to cover 
the whole earth. This surface 
is known to be sensibly spheri- 
cal. It follows that the diffe- 
rent verticals will nearly meet 
in the centre of the earth. The 
figure shows the relative posi- 
tion of some, verticals CZ, CZ', 
CZ"; it is evident that they 
, Fig. i7.™verticai8 at (hflforwit Qontain angles < cqual to the an- 

gular distance which separates the corresponding places. 



Fig, 16.— Ex[)erjmeiit for ahowiug that the Plumh-liuo ia 
])ei'v>eQdiuular to the surface of a fluid at rest. 


lilfiP''"- 
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At any one locality all verticals may be treated as parallel, on 
account of the immense distance of the centre of the earth. Let us 
calculate, for example, the angle contained between two verticals a 
metre (39*37 inches) apart. Ten millions of metres corresj)ond to a 
quarter of the earth’s circumference, that is to say, to 90°. A length 
of a metre, therefore, represents 90° divided by ten millions, that is 
to say, about ^ second, a quantity quite inappreciable even 

with our most perfect instruments. It should be remarked, how- 
ever, that the parallelism of the verticals at any one place is a 
physical fact, complete^ independent of all previous knowledge of 
the figure of the earth, and can be established by direct observation. 

We may remark in gassing, that the latitudes of places on the 
earth’s surface are determined by the directions of the verticals. 
What is commonly called the latitude of a place is tlie angle whicli 
a vertical at the place makes with a plane perpendicular to the 
•earth’s axis of rotation. As distinguished from this, the geocentric 
latitude (which is re(iuired in a few astronomical problems) is the 
angle which a line drawn from the place to tlie earth’s centre makes 
with a plane perpendicular to the axis of rotation. The difi’erence 
between common and geocentric latitude generally amounts to some 
minutes, and attains its greatest value (11' 29") at latitude 4? 5°. 

26. Point of Application of Gravity— Centre of Gravity. — Gravity 
being a ,proj)erty of matter, its points 
of application must evidently be the dif- 
ferent materia] particles which compose 
each body. Though a body be divided 
into as many parts as we please, and 
. even reduced to the state of impalpable 
powder, each of the grains thus obtained 
will be subject to the action of gravity. 

The total force which urges a body to 
fall is the sum, or more strictly, the re- 
sultant of all the forces which are thus 
actually applied to its several elements. 

Now these forces are parallel, as has just Fig. is.— rarallelism of the Forces of 

.1*1 1 j«ii T Gravity ou the different Points of a 

been stated, and act in the same direc- Body, 
tion ; their resultant is therefore equal to 

their sum, and it constitutes what is called tlie weight of the body ; 
that is to say, the force with which it presses the obstacle which pre- 
vents it from falling. The point of application G of this resultant 

3 
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(Fig. 18} is called the centre of gravity. It follows from the pro- 
perty indicated in section 15, that the position of this point does 
not vary when the direction of the components is made to vary. 
The body can therefore be turned about in any manner without the 
centre of gravity changing its position in the body. It is a fixed 
point depending only on the form of the body and the distribution 
of the matter which composes it. 

If the body has the same density throughout, the position of the 
centre of gravity depends only on the figure, so that in this case 
bodies of similar form have their centres of gravity similarly situated. 

The determination of the position of the centre of gravity is a 
problem of mechanics which is solved by appropriate methods of 
general application, founded on the principle (to which we can here 
barely allude), that if a body be divided into a great number of 
ecpial elements, the sum of their distances from any one plane, 
divided by the number of elements, is equal to the distance of the 
centre of gravity from the same plane. 

Whenever a body of uniform density contains a point which is a 
centre of symmetry (that is, a point which bisects all straight lines 
drawn through it), this point must be the centre of gravity. Hence : 

1. The centre of gravity of a straight line is its middle point; 

2. The centre of gravity of a circle, or of the circumference of a 
circle, is the centre; 

3. The centre of gravity of a parallelogram is the intersection of 
the diagonals ; 

4. The centre of gravity of a sphere is its centre ; 

5. The centre of gravity of a cylinder is the middle point of its axis ; 

G. The centre of gravity of a parallelepiped is the common inter- 
section of the diagonals, &c. 

It maj^ naturally be asked how we can speak of centres of gravity 
of lines and surfaces, which, being only of one or two dimensions, 
cannot possess weight. The answer is, that in so speaking we make 
an abstraction analogous to that which gives us the idea of a material 
point. We suppose lines or surfaces composed of elements possess- 
ing weight; and the results thus obtained can be utilized in investi- 
gating the centres of gravity of real bodies. Consider, for example, 
a triangular prism. It can be. conceived as decomposed into elements 
which would be, so to speak, heavy triangles. The centre of gravity 
of the solid would therefore be in the line which joins the centres of 
gravity of all these triangles, and would be its middle point. We 
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may say then that the centre of gravity of a triangular prism, and 
in general of any prism, if composed of homogeneous material, is the 
middle point of the line which joins the centres of gravity of the 
two ends. 

We must guard against the error of suppofcdng that the force of 
gi*avity on a body acts at the centre of gravity. Gravity really acts 
equally on all the particles of the body; but its effect is in many 
respects the same as that of ^ single imaginary force supj^osed to act 
at the centre of gravity. 

The centre of gravity sometimes lies outside the body, as in the 
case of a ring or a hollow sphere. When this is the case, it must be 
regarded as rigidly connected to the body. 

27. Physical Definition of the Centre of Gravity. — The centre of 
gravity, regarded from the mechanical point of view, is in reality 
merely the centre of parallel forces distributed in a determinate 

* manner. Its position can therefore be found by a purely geo- 
metrical investigation, and apart from any physical idea of the 
nature of bodies. Nevertheless, it is certain that the discovery of 
the existence of centres of gravity had its origin in the consideration 
of the phenomena of equilibrium, which are exhibited by bodies 
under the influence of gravity. Experiment, in fact, shows that in 
most bodies there is a point sych that, if it be su 2 )ported, the Ibody 
will be in equilibrium, and if it be not suj^ported, the body will 
move under the action of gravity. This point is the centre of 
gravity, and the property in question is an obvious consequence of 
the mechanical definition ali’eady given. But this proj)erty may 
itself be used as the definition of the centre of gravity (though 
with some want of precision). We shall thus use it in the examina- 
tion of some important cases of equilibrium. 

28. Equilibrium of a Body capable of turning about an Axis or a 
Fixed Point. — Consider, for example, a triangular plate movable about 
an axis of rotation 0, and let G be the position of the centre 
of gravity. In order that there may be equilibrium, the centre of 
gravity must be supported ; that is to say, the vertical drawn through 
it must meet the axis. This condition may be fulfilled by two very 
different positions of the body : the centre of gravity may be either 
above or below the axis. In the former case (Fig. 20) it is evident 
that if the body be ever so little displaced from its position of equi- 
librium, the effect of gravity will be to make it fall still further 
away^ In the second case, on the contrary (Fig. 19), the action of 
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gi’avity tends to restore the body to the position of equilibrium. In 
the former case the equilibrium is unstable; in the latter it is stable. 



Fig. 19. — Stable Etxuilibrium. Fig. 20. — Unstable Eqnilibriiiin. 

We see then that the condition of stable equilibrium is that the 

centre of gravity be below the axis 
or point of suspension. 

The toy called the balancer is an 
application of this principle. It 
consists of an ivory figure resting 
by one point on a small horizontal 
stand. Two stiff wires fixed to the 
figure terminate below in leaden 
balls. The centre of gravity of the 
system is thus brought below the 
point of support; the equilibrium 
is consequently stable. If we draw 
the figure to one side and then re- 
lease it, it will perform a series of 
oscillations, and will end by taking 
a position of equilibrium such that 
the vertical through the centre of 
gravity 
support. 

«• If a body were traversed by an 

Fig. 21. —Balancer. , ^ . 

axis through its centre of gravity, 
its equilibrium would be neutral, and the body would remain in 


passes througli the point of 
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equilibrium in all positions. This condition ought to be rigorously 
fulfilled by the wheels of pieces of mechanism which only serve to 
transmit motion. 

39. Equilibrium of a Body resting on a Horizontal Plane which 
touches it in one Point. — Consider I'Figs. 22 and 2‘i) a body of 



Fig. 22. — Unstunle Equilibrium. Fig. 2.‘1. — Stable Equilibrium. 


ellipsoidal form resting on a horizontal plane. In order that there 
may be equilibrium it is evidently necessary and sufficient that the 
vertical through the centre of gravity G sliould meet t*lie horizontal 
plane at the point of contact. We see by the figure that this condi- 
tion may be realized in two ways. 

The first figure corresponds to unstable, the second to stuhle 
equilibrium. The figure shows that in the latter case the centre of 
gravity occupies its lowest possible position. 



Fig. 24. — ^Tumblore 


The tumbler (Fig. 24?) is founded on this principle. The centre of 
gravity being near the lower side in consequence of the accumulation 
of matter in this region, the apparatus is in stable equilibrium. If 
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it be removed from its position and subjected even to very wide 
displacements, it always rises again and returns to its position of 
equilibrium after a number of oscillations. 

If the centre of gravity were always at the same distance from 
the plane — ^if, for example, the body were spherical, there would be 
equilibrium in all positions, — the equilibrium would be neutral. 

We may remark in general that a position of unstable equilibrium 
is only mathematically possible; it never can have a physical exist- 
ence; for the smallest derangement destroys it, and in nature a 
multitude of causes, such as the movement of the. air, the flexibility 
of supports, &c., introduce displacements which violate the conditions 
of equilibrium. If there be any actual cases of such equilibrium — 
if, for example, it is possible to make an egg stand on its end, it is by 
the help of friction, which constitutes a new force tending to prevent 
displacement. 

* 30. Equilibrium of a Body resting on a Horizontal Plane at several 
Points. — When a body rests on a horizontal plane at several points, 



Fig. 25.— Equilibrium of a Body supported on a Horizontal Plane at three or more Foiats. 

it is necessary for equilibrium that the vertical through the centre 
of gravity fall within the convex polygon which can be formed 
by joining the points of support. It is clear that in this case 
gravity will have no effect but to press the body against the 
plane. It is also obvious that the equilibrium will be the more 
stable as the centre of gravity is lower, and the distance of the 
vertical through it from the nearest side of the polygon greater. 
If this vertical is very hear one side, a small force will be suflScient 
to overturn the body on that side, although a very great force may 
be required to overturn it in the opposite direction. < 
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.31. Practical Method of finding the Centre of Gravity. — The dif- 
ferent methods which are employed in practice for the experi- 
mental determination of the centre of gravity are dependent on the 
principles above explained. Whatever be the particular nature of 
the proceeding, it always consists in placing the body in a ])Osition 
of equilibrium from which it can be inferred that the centre of gravity 
lies in a certain line or surface. 

Thus, for example, if we suspend a body by one point, it is clear 
that the, centre of gravity must lie in the 
prolongation of the suspending thread. 

If we then suspend the body by another 
point, a similar inference follows. Con- 
sequently, the centre of gravity must be 
the intersection G of the two directions 
thus indicated. 

If we wish, for example, to pierce a 
plate or board by an axis which is to 
pass through its centre of gravity, we 
may begin by balancing it in a horizontal 
position upon two points near its circum- 
ference. The line joining them will pass 
vertically under the centre of gravity. 

By repeating the operation we may find a 

second line which possesses the same property, and the required axis 
must pass through their intersection and be perpendicular to the plate. 
Instead of balancing the plate upon two points, an, operation which 
may require repeated trials, it is more expeditious, when practicable, 
to suspend it freely in a vertical position by a point near its circum- 
ference, and to suspend a plumb-line from the same point. The 
course of this line must be marked on the plate, and the operation 
must then be repeated, using a different point of suspension. The 
intersection of the two lines thus obtained will, as before, be opposite 
to the^centre of gravity of the plate. Both the methods described 
in tliis paragraph are apjdicable even to plates which are not homo- 
geneous. 
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32 . In air, bodies fall with unequal velocities; a sovereign or a 
ball of lead hills rapidly, a piece of down or thin paper slowly. It 
was formerly tliouglit that tins difference was inherent in the nature 
of the materials; but it is easy to show that this is not the case, for 
if we compress a mass of down or a piece of paper by rolling it into 
a ball, and compare it with a piece of gold-leaf, we shall find that 
the latter body falls more slowly tlian the former. The inequality 
of the velocities which we observe is due to the resistance of the 
air, which increases with the extent of surface exposed by the 
body. 

It was Galileo who first discovered the cause of the unequal 
rapidity of fall of difierent bodies. To put the matter to the test, 
he prepared small balls of difierent substances, and let them fall at 
the same time from the top of the tower of Pisa ; they struck the 
ground almost at the same instant. On changing their forms, so as 
to give them very difierent extents of surface, he observed that they 
fell with very unequal velocities. He was thus led to the conclusion 
that gravity acts on all substances with tlie same intensity, and that 
in a vacuum all bodies would fall with the same velocity. 

This last proposition could not be ])ut to the test of experiment 
in the time of Galileo, the air-pump not having yet been invented. 
The experiment was performed by Newton, and is now commonly 
exhibited in courses of experimental physics. For this purpose a 
tube from a yard and a half to two yards long is used, which can be 
exhausted of air, and which contains bodies of various densities, such 
as grains of lead, pieces of paper, and feathers. When the tube is 
full of air and is inverted, these different bodies are seen to fall with 
very unequal velocities; but if the experiment is repeated affer the 
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tu]be has been exhausted of air*, no difference can be perceived between 
the times of their descent. 

33. Laws of Falling Bodies. — Having found that the effect of 
gravity is the same on all bodies, Galileo proposed 
to himself the problem of determining, by experi- iBr 
inents on one body, the law which regulates their llli 
descent; and, inasmuch as the observation of a body | I 
falling freely is very difficult, on account of the 
rapidity of its motion, he adopted a method of 
diminishing this rapidity without in other respects 
altering the law of motion. This method consisted j i| | -N 

in the use of the inclined plane. || | 

Consider, in fact, a heavy body M, free to move ijl* 
along the inclined plane ABC. The weight of the l|| | 

body M being represented by MP, it can, (by § 16), I i 

be decomposed into two other forces, viz. MN per- |j|| I 
pendicular to the plane, which is destroyed by the j 
resistance of the plane itself, and MT parallel to 
the plane, which alone produces the motion. Now l|L 
this latter force is less than MP, but is a constant ! 

fraction of it, for at all points in the plane the paral- I | ^ 

lelogram of forces will have the same form, and the j I L, / 

ratio of MT to MP will be constant. This ratio is I! i 

in fact the same as that of the height AC of the 
plane to its length AB, or in other words is the sine 
of the inclination of the plane to the horizon. The 
motion will therefore be less rapid, but will follow 
the same law as that of a body falling freely, and ji | 
will be much easier to observe. The diminution of \\ i 
velocity has the further advantage of diminishing j||l 
the relative importance of the resistance of the air, 

which increases 

j M very rapidly with • 

I every augmenta- vaoilo 

I / / tion of velocity, 

c' ‘Jz f B The inclined plane employed by 

Fig. 23 .-indinodPu.ne coDSisted of a long puler, 

' with a longitudinal groove, along 
which he caused a small heavy ball to roll. Having thus observed 
the spaces traversed in 1, 2, and 3 units of time, he found that these 
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spaces were in the ratio of the numbers 1, 4, and 9; that is to s^y, 

when the time of de- 
scent was doubled or 
tripled the space tra- 
versed became 4 or 9 
times greater. This law 
can be expressed by say- 
ing tliat ilte spaces tra- 
versed are proportional 
to the squares of the 
times of descent. 

34. Attwood's Machine. 
— Attwood, a fellow 
and tutor of Trinity 
College, Cambridge, in- 
vented, towards the 
end of last century, a 
machine which affords 
great facilities for veri- 
fying the laws of falling 
bodies. It involves, like 
Galileo’s inclined plane, 
a method of diminishing 
the velocity of descent ; 
but this result is ob- 
tained by very different 
means. 

The machine consists 
of a column, having at 
its top a very freely 
moving pulley, which 
forms the essential part 
of the apparatus. In 
order to obtain great 
freedom for the move- 
ments of the pulley, the 
ends of its axis are made 
t;o rest, not on fixed 
Fig.29.-Attwood.Maclun,. SUppOrtS, but On the 

circumferences of wheels (two at each end of the axis) called firiction- 
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wheels, because this arrangement produces a great diminution of 
friction. Over the pulley passes a fine thread, carrying at its 
extremities two equal weights P. Neglecting the weight of the 
thread, it is obvious that these weights will be in equilibrium in 
every position. If however one of them be loaded with an additional 
weight jp, the system will be put in motion, and all parts of it will 
move with the same velocity. We may therefore regard the moving 
force as distributed uniformly*through it. But this force is simply 
the weight of />. If then, for example, the movable system 2 P + i> 
has 20 times the weiglit of p, each portion of the system is urged 
with a force equal to of its own weight. The force which pro- 
duces motion is in general diminished, as compared with a body 

falling freely, in the ratio expressed by the fraction and as 

this ratio continues constant through the whole 
motion, the law of the motion will be the same as 
that for free descent. 

• The following are the arrangements for observ- 
ing the motion: — One of the weights moves in 
front of a graduated scale, and a plane stop for 
intercepting the descending weight can be fixed at 
pleasure^at any part of this scale. A clock with a 
pendulum beating seconds serves for the measure- 
ment of time. To measure the space traversed in 
a second, the weight is raised to the commence- 
ment of the graduation, is then loaded with the 
additional weight, and is dropped precisely at one 
of the beats of the pendulum. The stop is placed 
by trial at such a point of the scale that the 
blow of the weight against it precisely coincides 
with another beat of the pendulum, — a coincidence 
which can be obtained with great accuracy, inas- 
much as the ear easily detects the smallest interval 
between the two sounds. In order to insure a Machii^ 

similar coincidence at the commencement of the , 

fall, the weight is supported by a movable platform M (Fig. 30), 
which is prevented from falling by the upper end of the lever aoh, 
whose lower end is guided by a cam^ fixed to the escapement wheel 

^ A cam is a rotating piece wliich, by means of projections or indentations in its out- 
line, guide^the movements of another piece which presses against it. 
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of the clock, and is kei)t constantly pressed against the cam. by 
means of a spring not shown in the figure. Suppose the wheel to 
be turning in the direction indicated, by the arrow. It is obvious 
that as soon as tlie tooth of the cam has passed the end of the lever 
the latter will fly to .the left, and therefore the upper end will fly to 
the light, since the lever turns about an axis at 0. The platform M 
is thus suddenly dropped, and the fall commences. The position of 
the cam must be so adjusted that this movement shall take place 
exactly at the instant of the escapement of one of the teeth. 

It is thus eawsy to measure the spaces traversed by the movable 
system of weights in I, 2, and 3 seconds, and the result obtained 
will be as follows: — Suppose that in the first second the space 
traversed is 11 divisions, then we shall find: 


Space traversed in 2 secoiKls = 44 = 11 x2® 

Space traversed in 3 seconds = 99 = 11 x 3® 

Space traversed in 4 seconds =176 = 11 x 4^ 


We see, then, that the spaces vary as the scjuares of the times 
employed in describing them. If we use the indefinite symbol K 
to denote ' the space described in the first unit of time, the space 
described in the time t will be given by the formula 

(1) 

85. Velocities. — Attwood’s machine also affords the means of 
studying the successive velocities which gravity imparts to the 
system. Before describing- the means employed for attaining this* 
end, it will be desirable to make a few remarks respecting velocity. 

When a material point moves uniformly; that is to say, when it 
traverses equal spaces in equal times, the meaning of velocity is per- 
fectly clear: it is the space traversed in unit time. Thus, if a point 
moving uniformly describes 2 feet in each second, we say that the 
velocity is 2 feet ]ior second ; or if it is understood that the foot and 
second are to be our units of space and time, we simply say that the 
velocity is 2. If a point moving uniformly describes 5 feet in 2 
seconds, its velocity is 24, since the space descritod in one second 
must be half that described in two; ahd in general, in any case of 
uniform motion of a point, the velocity (in feet per second) will be 
obtained by dividing the whole space (in feet) by the whole time 
occupied in its descri|)tion (in seconds). 

But uniform motion is in nature the exception rather than the 
rule. In fact, it can only occur when the moving body is^acted on 
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eith,eT by no forces at all, or by forces in equilibrium. This, in fact, 
is merely a statement of the principle of inertia. When a body is 
constantly acted on by a '"force, this force must evidently have the 
effect of continually modifying the motion, and consequently the 
above mode of computing velocity is not directly applicable. If, 
however, we suppose the action of the force suddenly to cease, the 
motion will become uniform, and the velocity during this uniform 
motion will serve as a measure«of the velocity which existed at the 
instant when the action of the force ceased. 

Attwood’s machine contains an arrangement for thus suddenly 
arresting the action of gravity at a given instant. For this purpose, 
a ring large enough to allow either of the two equal weights to pass 
througli it, is to be fixed at the point of the scale at which the 
moving weight arrives at the end of one second. Tlic additional 
weight, which for this purj^ose is made long and flat, is intercepted 
by the ring, and the subsecjuent motion, being due merely to the 
momentum ab'eady acquired, will be uniform. Tlie stop is to be 
qdaced at the point at which the weight arrives a second later. The 
distance between the ring and the stop will then represent the velo- 
city acquired during the first second. Making this experiment 
under the same conditions as the foregoing experiments on spaces, 
we find that the velocity acquired during the first second is repre- 
sented by 22* divisions. We then place tlie ring at the point at 
which the S3^stem arrives after 2, 3, &c., seconds, and the stop at the 
^)oint at which it arrives a second later; we thus measure the velocities 
acquired in 2, 3, &c., seconds, and find them equal to 44, 66, &c. We 
see, then, that the vdocities acquired in different times are propor- 
tional to the times. Further, the velocity acquired in one second, 22 
(feet per second), is double of the space, 11 (feet), described in the 
first second. 

In formula (1), K denotes the space described in the first unit of 
time ; the velocity acquired is then 2K, and consequently the velo- 
city acquired in time t is given by the formula 

V = 2ia (2) 

36. Attwood’s machine, when fitted with the appliances above 
described, leaves little to be desired in point of accuracy, but its 
complication renders it expensive. We subjoin*a figure representing 
Bpurbouze’s modification of Attwood’s machine, which is much 
simpler AB is the pulley, on the axis of which is a cjdinder P, 
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surrounded with smoked paper. One of the iron weights, M, is |ield 
at the bottom of tlie apparatus by an electro-magnet, which is mag- 
netized by means of the gal- 
vanic cell O. The weight 
M', loaded with the additional 
weight N, is thus prevented 
from obeying the force of 
V gravity. Again, the vibrating 
plate L, carrying a very light 
style for tracing a mark on 
the smoked cylinder, is held 
by the electro -magnet, E', 
which is magnetized by the 
same cell. If at any moment 
the current is interrupted, the 
weight M' falls, and the plate 
vibrates, describing an undu- 
lated curve on the surface of 
the cylinder. The undulations 
of this curve correspond to the 
vibrations of an elastic body, 
and, consequently, to equal 
times; while tBe distance of 
any undulation from the be^ 
ginning of the curve is eqnaf 
to the distance turned by the 
cylinder P, and is consequently 
Fig.si.-^Bourbonz^sjtfodiflcationofAtt^^ proportional to the distance 

travelled by the weights. 
These distances are found to be exactly proportional to the series of 
numbers 1, 4, 9, fee. The ring D serves to intercept, at a given 
instant during the descent, the additional weight N ; from this time 
onward the motion is uniform and the undulations of the curve are 
equidistant. 

AttwOod s machine, however modified, gives only indirect evidence 
regarding the motion of bodies falling freely. Although this cir- 
cumstance cannot affect the legitimacy or accuracy of the conclusions 
to which it leads, it Would be interesting, if possible, -to observe the 
phenomenon of free fall, and show that the laws just obtained are 
verified. This is the object of Morin's apparatus. 
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87.* Morin's Apparatus. — Morin’s apparatus consists of a wooden 
cylinder covered with paper, which can be set in uniform rotation 
about its axis by the fall of a heavy weight. The cord which sup- 
ports the weight is wound upon a drum, furnished with a toothed 


wheel which works on 
one side with an endless 
screw on the axis of the 
cylinder, and on the other 
drives an axis carrying 
fans which serve to regu- 
late the motion. 

In front of the turn- 
ing cylinder is a cylin- 
dro- conical weight of 
Ciist-iron carrying a pen- 
cil whose point presses 
against the paper, and 
4iaving ears wliich slide 
on vertical threads, serv- 
ing to guide it in its fall. 
By pressing a lever, the 
weight can be made to 
fall at a chosen moment. 
The proper time for this 
is when the motion of 
the cylinder has become 
sensibly uniform. It fol- 
lows from this arrange- 
ment that during its ver- 
tical motion the pencil 



will meet in succession 
the different generating 
lines ^ of the revolving cylinder, 


Fig. 32.— Morin’s Apparatus. 

and will consequently describe on 


its surface a certain curve, from the study of which we shall be 


^ That is, lines drawn on the surface of the cylinder parallel to its axis. A cyliridric 
surface could obviously be described by the motion of a straight line in space. The line 
BO moving is said to generate the cylindric surface, and the different positkms which it 
successively occupies in its supposed motion are called geneiating lines of the cylinder. 
If a cylindric surface is cut open along a generating line and flattened out so as to become 
plane, its form will be rectangular, and its generating lines will be parallel to two sides of 
the rectang^. 
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able to gather the law of the fall of the body which has traced it. 
With this view, we describe (by turning the cylinder while the 
pencil is stationary) a circle passing through the commencement of 
the curve, and also draw a vertical line through this point. We cut 
the paper along this latter line and develop it (that is, flatten it out 
into a plane). It then presents the appearance shown in Fig. 33. 

If wc take on the horizontal line equal distances at 1, 2, 3, 4, 5 . . . , 
and draw perpendiculars at their extremi- 
1 ties to meet the curve, it is evident that 
^ the points thus found are those which were 
traced by the pencil when the cylinder 
had turned through the distances 1, 2, 3, 
^ 4, 6. . . . The corresponding verticals re- 
present the spaces traversed in the times 
1, 2, 3, 4, 5. . . . Now we find, as the 
figure shows, that these spaces are repre- 
sented by the numbers 1, 4, 9, l(i, 25 . . . , 
thus verifying the principle that the spaces 
described are proportional to tlie squares of 
26 the times employed in their description. 
We may remark that the proportionality 
of tlie vertical lines to the squares of the 
horizontal lines shows that the curve is a parabola. The parabolic 
trace is thus the. consequence of the law of fall, and from the fact 
of the trace being parabolic we can infer the proportionality of the 
spaces to the squares of the times. 

The law of velocities might also be verified separately by Morin’s 
apparatus; we shall not describe the method which it would be 
necessary to employ, but shall content ourselves with remarking 
that the law of velocities is a logical consequence of the law of 
spaces.^ 

38. Pormulae relating to Falling Bodies. — The formula (1) and (2), 
34, 35, will enable us to obtain numerical solutions of questions 
relating to the fall of bodies, if we can ascertain the space traversed 

^ Consider, in fact, the space traversed in any time this space is given by the formula 
= during the time ^ 0 the space traversed will be K +2K<0 + K0‘‘^, 

whence it follows ttiat the space traversed during the time 0 after the time t is2K<^ + 
The average velocity during this time 6 is obtained by dividing the space by 6, 
and is 2Kt + K^, which, by making 6 very 'small, can be made to agree as accurately as 
we please with the value 2Kt. This limiting value 2Kt must therefore be the velocity at 
the end of time t. — 1>. 
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by a* falling body in one second, or (which will be numerically double 
of this) the velocity acquired in one second. 

The several forms of apparatus which we have been describing 
furnish the means of making this determination, but not with much 
precision. A much better method of determination is furnished by 
the pendulum, and will be described in the next chapter. 

The result obtained. is that in Great Britain the velocity acquired 
by a body falling in vacuo foi; one second is 32*2 feet per second, or 
9*81 metres per second. The velocity in question is usually denoted 
by the lellcr and is sometimes called the intensity of gravity, 
because its value for different localities varies in the same ratio as 
the force exerted by gravity on one and the same mass, and may 
therefore be taken as the numerical representative of the force of 
gravity on unit mass.^ 

The space traversed during the first second of fall is equal to 4 
that is, to 16‘1 feet, ^ 

Introducing g into the formulae (1), (2), they become: 

8 = (a) 

r =^fjt (b) 

Eliminating t from the equations (a), (?>), we obtain a third formula, 
which gives the velocity acquired in falling through a given space: 

V ^ 2 g 8. {c) 

39. Applications. — I. To calculate the space traversed by a body 
which falls during a given number of seconds. This will be found 
from formula [a) by putting for t the given number of seconds. 
Performing the calculation as far as 10 seconds, we obtain the fol- 
lowing table : — 


TIMK OF FALT., 
ill Seconds. 

SPACE FALLEN, 

in Feet. 

i TIME OF FALL, 

j ill Seconds. 

SPACE FALLEN, 
in Foot. 

1 . . . . 

lG-1 

6 .... 

579-6 

2 . . . . 

j 64-4 

7 ... . 

V88-9 

3 ! 

144-9 

s ... . 

1030-4 

4‘ . . . . 

257*6 

9 . . . . 

1304-1 

5 ... . 

402-5 

10 .... 

1610-0 


II. What is the time occupied by a body in falling from a height of 
of 750 feet, and what is the velocity with whiclj it strikes the ground? 

^ If we adopt the ^‘absolute” unit of force defined in § 42, the force of gravity on unit 
mass will be numerically equal to g. 


4 
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Formulse (a) and (c) give: 

V = ^2 9 ^ - ^J^¥HP^5b = 219' 8 feet per second. 

III. From what height must a body fall to acquire a velocity of 
1 500 feet per second? 

Formula (c) gives : 

. = |i = 2250000 
2 ^ 64*4 

The velocity of 1500 feet per second is about that of a cannon-ball 
on leaving the muzzle of the gun. We see that it would be obtained 
by falling from a height of about miles. The duration of the 
fall would be about 47 seconds. It must be borne in mind that the 
formulse (a), (/?), (c) are only strictly applicable to fall in vacuo. In 
air they furnish results more and more remote from the truth, as the 
velocity increases. 

In vacuo, a body thrown upwards fi’om the earth would, on its 
return, strike the ground with a velocity equal to that with which 
it was thrown, and the velocity at any given point which it traverses 
both in its upward and downward course, would be the same in the 
descent as in the ascent. We see then from above that a cannon- 
ball would ascend to a height of about 64 miles. In air, the velocity 
is slower in the descent than in the ascent, both because the height 
attained by the projectile is less than it would be in vacuo, and be- 
cause the velocity acquired in falling from this diminished height is 
still further diminished by friction in the descent. 

One notable difference between fall in vacuo and in air is, that in 
the latter case the velocity, instead of increasing indefinitely, only 
increases towards a certain limit which it can never exceed; and if 
a body be projected downwards with a velocity greater than this, 
its motion will be retarded. The resistance of the air, in fact, in- 
creases with the velocity, and the limit in question is that velocity 
at which the resistance encountered from the air is exactly equal to 
the weight of the body. The limiting velocity is not the same for 
all bodies, but depends on their sizes, densities, and forms. 

39a. Motion of Projectiles. — When a body is projected in any direc- 
tion, its subsequent motion (neglecting the resistance of the air) 
can be determined by means of the following principles : — 

1. The horizontal comnonent of motion will remain unchanged. 
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,2*. The vertical component of motion will be the sum or difference 
(according as the body was projected below or above the horizontal 
direction) of the motion of a body falling freely, and the vertical 
component of the initial motion. 

These principles are sufficient to determine the position, the 
velocity, and the direction of motion of the body, after the lapse of 
any given interval, until it strikes an obstacle. 

By reference to Fig. 33, it will easily be understood that, if the 
direction of projection be horizontal, the curve described will be a 
parabola; for, in virtue of the first principle, the body describes 
equal horizontal distances in equal times; and in virtue of the 
second principle (since the vertical component of initial motion is in 
this case zero), the vertical spaces described are those of a body fall- 
ing freely ; hence the construction of Fig. 33 is precisely applicable 
to this case. 

If the direction of projection be oblique (that is, neither horizontai* 
nor vertical), the path will still be parabolic. For example, if the 
body be projected obliquely upwards, we may divide its path into 
two parts, one described in its ascent, the other in its descent. These 
two pai‘ts will be precisely similar, and at the highest point of the 
path, where they join, the motion is horizontal. We may regard the 
curve in Fig. 33 as representing one of the two parts, say the descend- 
ing part; for the motion, after passing the highest point, must evi- 
dently be the same as if the body had been projected horizontally 
from the highest point with the velocity which it actually has at 
that ])oint. This velocity is, in fact, the hoiizontal component of the 
actual velocity of projection. 

If a body be projected vertically downwards, its motion will be 
the same as if it had fallen from a' certain height above. If it be 
projected vertically upwards, the times of ascent and descent will be 
equal, and the velocity at any one point will be the same in tlie de- 
scent as in the ascent. At the highest point the body is for an instant 
stationary ; its descent is therefore the motion of a body falling freely. 
Formulae (a), (6), (c) of § 38 will apply to the ascent as well as the 
descent, if in the former case we understand that the time denoted 
by t is the time reckoned backwards from the instant of attaining 
the highest point. 

Whether the motion be in a vertical line, or in a parabola, the fol- 
lowing principle will be found to apply, being in fact the mathe- 
matics^ consequence of the two principles already enunciated, viz. : — 
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The velocity is the same in the ascent and descent at any two 
points which are on the same level; and the velocities at any two 
points, not on the same level, are connected by the law that the dif- 
ference of their squares is equal to the difference of levels multiplied 
by 2 gr. 

40. Composition of Motions. — Principle 2 of last section is a par- 
ticular case of the following general law: — 

When a force acts upon a body already in motion, the subsequent 
motion will be obtained by compounding (in the same manner as 
forces are compounded by the parallelogram of forces) the motion 
which the force would have imparted to the body if initially at rest, 
with the motion which the body would have had in the absence of 
the force. The law, as tlius stated, is applicable without qualification 
as long as the force continues to act parallel to a definite direction. 
In the case of forces which do not fulfil this condition, but gradually 
««hange their direction in space, the motion may be approximately 
determined by dividing the time into intervals so short, that the 
direction of the force does not change by a sensible amount during 
any one interval. The motion in each interval can then be deter- 
mined by the above law. It is frequently possible, by the aid of the 
higher mathematics, to foresee the exact result to which this tedious 
method would only approximately lead, but the physical principles 
on which the investigation is conducted are in all cases those which 
we have above indicated. 

41. Uniform Acceleration. — The general law above stated is ex- 
emplified in the case of gravity. In fact, if a denote the space 
traversed in the first second of a falling body's descent, the space in 
two seconds is 4a, and consequently the space traversed in the 
second second is 3a. Now the velocity at the end of the first second 
is 2a, and this velocity, if it remained unchanged, would cause the 
space 2a to be traversed in the next second. Hence the space 3a 
actually described may be divided into two parts, 2a and a, of which 
the latter is due to the continued action of the force of gravity during 
the second second. 

In like manner the space described in the third second is 9a 4a, 
that is, 5a, which may be divided into two parts, 4a and a, of which 
the latter alone is due to the action of gravity during the third 
second, the former being due to the velocity 4a, which the body 
possessed at the end of the third second. 

So, again, the velocity acquired by the body in the first second 
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being 2a, the velocity at the end of any subsequent second will be 
found to be the sum of two parts, one of which is the velocity at the 
beginning of the second, and the other is 2a. 

Motion possessing these properties is said to be uniformly accele- 
rated; and the force which produces it is a uniformly accelerating 
force, that is to say, a constant force. 

The force of gravity, however, is sensibly constant only within 
moderate limits of distance from the earth’s surface ; as we ascend 
from the earth its intensity continually diminishes, being nearly pro- 
portional inversely to the square of the distance from the earth’s 
centre. Hence a body falling in vacuo from a great heigljt towards 
the earth, would not be uniformly accelerated, but would experience 
continually greater acceleration as it descended. On the other hand, 
if there were a vacuous shaft down which a body could fall to the 
centre of the earth, it would fall with continually diminishing accele- 
ration, because the force of gravity in the interior of a solid sphere 
diminishes as we approach the centre, and becomes zero at the centre 
itself, where the attractions, being equal in all directions, destroy one 
another. A body so falling would have it^s velocity continually in- 
creased, but the rate of increase as measured by the difference he- 
tween the velocity at the beginning of a second and that at the end 
of At, would continually become less. The words italicized in last 
sentence constitute the definition of acceleration. It denotes the rate 
of increase of velocity, just as velocity itself denotes the rate of increase 
of distance measured along the path described from a fixed point. 

42. Proportionality of Acceleration to Force directly and to Mass 
inversely. — The general law of motion enunciated in § 40 may be 
extended to the case of several forces acting simultaneously. The 
actual motion will be obtained by compounding (on the parallelo- 
gram principle) the motions due to the separate forces together with 
the motion (if any) due to the initial velocity. Just as two forces 
acting on a point in the same direction are equivalent to a single 
force equal to their sum ; so two motions in the same direction con- 
stitute, when compounded, a motion equal to their sum ; and this is 
true, both as regards velocity and space described. Two equal forces 
acting on a body on the same direction, will therefore produce in any 
given time double the velocity that one of them would have pro- 
duced alone. We are thus led to the general principle, that the 
velocities produced in equal bodies by different forces arc simply 
proportional to the forces. 
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The above reasoning is not offered as an d 'priori proof of the 
general principle in question, but as a logical deduction of it from the 
law of composition of motions due to several forces. The propor- 
tionality of velocity to the force which produces it can be proved 
experimentally by Attwood's machine, and in other ways ; and the 
law of composition in question must be regarded as established by 
the experimental verification of these and other consequences to 
which it leads. * 

From the direct proportionality of velocity to the force by which 
it is generated, when the mass is given, we may infer the inverse 
proportionality of velocity to the mass which is set in motion, when 
the force is given. For instance, if we double the mass, leaving the 
force unchanged, we may resolve the force into two equal parts, 
acting one on each half of the mass. Doubling the mass has, there- 
fore, the same effect on the motion as halving the force. 

The velocity generated in a given time is thus proportional to the 
moving force divided by the mass moved ; from which it follows that 
force is proportional to the product of mass by velocity generated in 
a given timp. 

When foi'ce is expressed in terms of the ‘^absolute or ‘‘invariable” 
unit, first proposed by Gauss, we can assert that the moving force is 
equal to the product of the mass moved, and the velocity generated 
in a unit of time.^ For example, since the force of gravity on a body 
weighing M pounds causes it to acquire a velocity of g feet in a 
second, this force is numerically equal to M/7, it being understood 
that the pound is the unit of mass, and the foot and second the units 
of space and time. 

That tlie pound is really and strictly a standard of mass is obvious 
from the consideration that the standard pound is a certain piece of 
platinum, preserved at the office of the Exchequer in London, and 
that this piece of platinum would remain a true pound if carried to 
any part of the earth. 

At any one place, since g has a given Value, the masses of bodies 
are proiiortional simply to their weights, but this proportion obviously 
does not hold in the comparison of masses at places where the values 
of g are different. When a body is earned about to different parts of 
space, its mass, or quantity of matter, remains of course the same, 

^ The absolute unit of force may be defined as that force which, acting on unit mass for 
unit time, would generate unit velocity. The force of gravity on unit mass contains g such 
units. ^ , 
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but its weight alters in proportion to the greater or less intensity of 
gravity; — for instance, at the centre of the earth, regarded as a 
uniform sphere, its weight would be nothing, This annihilation of 
its weight would in no way affect its resistance to acceleration. The 
difference between the mass of a ball of cork, and that of a ball of 
lead of the same diameter, could in such circumstances be readily 
detected by the different resistances which they would oppose to 
attempts to set them in rapid jnotion, or to check their motion when 
commenced. 

It must be regarded as a remarkable fact, and one which could 
only have been established by experiment, that the two modes of 
comparing masses perfectly coincide; that is to say, two bodies, even 
though composed of different materials, if their sizes are so propor- 
tioned that they oppose equal resistances to acceleration, will also 
gravitate with equal forces, as tested by their balancing each other 
in a pair of scales. This principle is established experimentally hy>m 
the equal velocities of fall of all bodies in vacuo, and, with much 
greater accuracy, by the equality of the number of vibrations made 
in the same time by pendulums of the same size and form, but of 
different materials. 
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43. The Pendulum. — When a body is suspended so that it can 



Fig. 34. —Pendulum. 


turn about a horizontal axis which does not pass 
through its centre of gravity, its only position of 
stable equilibrium is that in which its centre of 
gravity is in the same vertical plane with the axis 
and below it (§ 28). If the body be turned into any 
other position, and left to itself, it will oscillate from 
one side to the other of the position of equilibrium, 
until the resistance of the air and the friction of the 
axis gradually bring it to rest. A body thus sus- 
pended, whatever be its form, is called a pendulum. 
It frequently consists of a i*od which can turn about 
an axis O at its upper end, and which carries at its 
lower end a heavy lens-shaped piece of metal M called 
the bob ; this latter can be raised or lowered by means 
of the screw V. The applications gf the pendulum are 
very important: it regulates our clocks, and it has 
enabled us to measure the intensity of gravity and 
ascertain the differences in its amount at different parts 
of the world ; it is important then to know at least the 
fundameiital points in its theory. For explaining these 
we shall begin with the consideration of an ideal body 
called the simple pendulum. 

44. Simple Pendulum. — This is the name given to a 
pendulum consisting of a heavy particle M attached to 
one end of an inextensible thread without weight, the 
other end of the thread being fixed at A. When the 
thread is vertical the weight of the particle acts in 
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the direction of its length, and there is equilibrium. But suppose 
it is drawn aside into another position, as AM. In this case the 
weight MG of the particle can bo resolved into two forces MC and 
MH. The former, acting along the prolongation of the thread, is 
destroyed by the resistance of the thread ; 
the other, acting along the tangent MH, 
produces the motion of the particle. This 
effective component is evidently so much 
the greater as the angle of displacement 
from the vertical position is greater. The 
particle will therefore move along an arc 
of a circle described from A as centre, and 
the force which urges it forward will con- 
tinually diminish till it arrives at the 
lowest point M'. At M' this force is zero, 
but, in virtue of the velocity acquired, the 
particle will ascend on the opposite side, 

• the effective component of gravity being 
now opposed to the direction of its motion ; 
and, inasmuch as the magnitude of this component goes tlirough the 
same series of values in this part of the motion as in the former part, 
but in reversed order, the velocity will, in like manner, retrace * its 
former values, and will become zero when the particle has risen to a 
point M" at the same height as M. It then descends again and 
performs an oscillation from M" to M precisely similar to the first, 
but in the reverse direction. It will thus continue to vibrate be- 
tween the two points M, M"* (friction being supposed excluded), for 
an indefinite number of times, all the vibrations being of equal 
extent and performed in equal periods. 

The distance through which a simple peixlulura travels in moving 
from its lowest position to its furthest position on either side, 
is called its amplitude. It is evidently equal to half the complete 
arc of vibration, and is commonly expressed, not in linear measure, 
but in degrees of arc. Its numerical value is of course equal to that 
of the angle MAM', which it subtends at the centre of the circle. 

The complete period of the pendulum's motion is the time which 
it occupies in moving from M to M" and back to M, or more 
generally, is the time from its passing through any given position 
to its next passing through the same position in the same direction. 

What is commonly called the time of vibration, or the time of 


A 



Fig. 85. — Motion of Simple 
Fendulnni. 
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a single vibration, is the half of a complete period, being the time 
of passing from one of the two extreme positions to the other. 
Hence what wo have above defined as a complete period is often 
called a double vibration. 

When the amplitude changes, the time of vibration changes also, 
being greater as the amplitude is greater; but the connection between 
the two elements is very far from being one of simple proportion. 
The change of time (as measured by,a ratio) is much less than the 
change of amplitude, especially when the amplitude is small; and 
when tlie amplitude is less than about 5°, any further diminution 
of it has little or no sensible effect in diminishing the time. For 
small vibrations, then, the time of vibration is inde 2 :)endent of the 
amplitude. This is called the law of isochronism. 

The time of a single vibration when the amplitude is small is 
expressed by tlie formula: 



I denoting the length of the pendulum, g the intensity of gravity, 
and TT the ratio of the circumference of a circle to the diameter. 
As regards the units in which T, I, and g are expressed, it must 
be remarked that if g is expressed in the usual way, as in § 38, 
I must be expressed in feet, and the value obtained for T will be 
in seconds. 

The formula shows that the time of vibration is proportional 
to the square root of the length of the pendulum, so tliat if the 
pendulum be lengthened four, nine, or sixteen fold, the time will 
be doubled, trebled, or quadrupled. 

46. Experimental Laws of the Motion of the Pendulum. — The pre- 
ceding laws apply to the simple pendulum; that is to say, to a 
purely imaginary existence; but they are approximately true for 
ordinary pendulums, which in contradistinction to the simple pendu- 
lum are called compound pendulums. The discovery of the experi- 
mental laws of the motion of pendulums was in fact long anterior 
to the theoretical investigation. It was the earliest and one of 
the most important discoveries of Galileo, and dates from the year 
1 582, when he was about twenty years of age. It is related that on 
one occasion, when in the cathedral of Pisa, he was struck with 
the regularity of the oscillations of a lamp suspended from the roof, 
and it appeared to him that these oscillations, though diminishing 
in extent, preserved the same duration. He tested the fact by 
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repeated trials, which confirmed him in the belief of its perfect 
exactness. This law of isochronism can be easily verified. It is 
only necessary to count the vibrations which take place in a given 
time with different amplitudes. The numbers will be found to be 
exactly the same. This will be found to hold good even when some 
of the vibrations compared are so small that they can only be 
observed with a telescope. 

The time of vibration, then,, does not depend on the amplitude, 
and neither does it depend on the material of which the pendulum 
is composed. From this last fact it follows that gravity acts in 
precisely the same manner on all substances. It is found, in fact, 
that balls of the same size, of lead, copper, ivory, &c., suspended by 
threads of equal length, vibrate in the same time, provided they 
are large enough to escape sensible retardation from the resistance 
of the air. This result is virtually identical with that of Galileo^s 
experiment on the fall of bodies (§ 32), and enables us to con- 
clude with certainty that in a vacuum these different pendulums 
•would vibrate in rigorously equal times. 

By employing balls suspended by threads of different lengths, 
Galileo discovered the influence of length on the time of vibration. 
He ascertained that when the length of the thread increases, the 
time of vibration increases also ; not, however, in proportion to tlie 
length simply, but to its square root. 

Knowing, then, that the length of the pendulum which beats 
seconds at Paris is about one metre (0®. 994), we see that a pendu- 
lum 64 metres long would make a single vibration in eight seconds. 
This is about the length of the pendulum employed by Foucault 
at the Pantheon in his celebrated experiments on the rotation of 
the earth. 

This law of lengths experimentally discovered by Galileo, is pre- 
cisely that which the formula for the simple pendulum gives; an 
agreement which it was natural to expect, seeing that a small ball 
suspended by a long string is a practical approximation to the idea 
of a simple pendulum. When, however, the form of the pendulum 
departs widely from this, the meaning to be attached to the word 
length ceases to be obvious. It becomes necessary to resort to 
theoretical investigations, and we shall briefly indicate the results 
thus obtained. 

46. Equivalent Simple Pendulum. — It is demonstrated in treatises 
on dynamics that a compound pendulum, whatever be its form. 
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always keeps time with a simple pendulum of some determinate 
length — called the equivalent simple pendulum;'^ and whenever the 
length of a pendulum is mentioned, it is the length of the equivalent 
simple pendulum that is to be understood. 

An}^ rigid body, oscillating about a fixed horizontal axis, may be 
regarded as a compound pendulum. That point of the axis which, 
in the position of equilibrium, is vertically over the centre of gravity 
of the body, is called the centre of mispension; and if we join this 
point to the centre of gravity, and produce the joining line down- 
wards till its whole length is equal to that of the equivalent simple 
pendulum, its lower extremity is called the centre of oscillation. 
The body therefore vibrates in the same manner as if its whole 
mass were collected at the centre of oscillation. This point is 
always further from the axis than the centre of gravity, and it 
possesses the following remarkable property: — that if the body were 
made to vibrate about an axis passing through the centre of oscilla- 
tion and parallel to the original axis, tlie time of vibration would 
be the same as in vibrating: about the ori<?inal axis. In this inverted 
position, the original centre of suspension becomes the new centre 
of oscillation, and the original centre of oscillation becomes the new 
centre of suspension hence the property in question is commonly 
called the convertiViliiy of the centres of oscillation and sus- 
pension.^ 

This important property, which was discovered by Huygliens, 
furnishes an accurate method of determining the length of tlie 
simple pendulum equivalent to a given compound pendulum. This 
is the principle of Rater’s pendulum, which can be made to vibrate 
about either of two parallel knife-edges, one of which can be adjusted 
to any distance from the other. The pendulum is swung first upon 
one of thcvse edges and then upon the other, and, if any difference 
is detected in the times of vibration, it is corrected by moving the 
adjustable edge. When the difference has been completely destroyed, 

’ Sometimes the isochronous simple jjendulum; but it seems better to reserve this 
adjective and the corresponding noun isochronism for the use in which the latter has 
been employed in § 44. 

- The names centre of suspension and ce7itr€ of oscillation are not very appropriate, 
inasmuch as the properties mentioned in the text are properties of two lines ratlier than 
of two points : one of the lines being the axis about which the pendulum swings, and the 
other being a i)arallel to this axis in the plane containing it and the centre of gravity, 
and at a distance from it equal to the length of the equivalent simple pendulum. If 
we call the former the axis of suspension and the latter the axis of oscillation^ we may 
assert that the axes of suspension and oscillation are convertible. 
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the distance between the two edges is the length of the equivalent 
simple pendulum. It is necessary, in any arrangement of this kind, 
that the two knife-edges should be in a plane passing througli the 
centre of gravity ; also that they should be on opposite sides of the 
centre of gravity and at unequal distances from it. 

We see, by what precedes, that the laws of the simple pendulum 
are applicable to any pendulum, if we understand by its length 
the length of the equivalent ^mple pendulum, or, in other words, 
the distance between the axis and the centre of oscillation. 

47. Determination of the Value of g . — Returning to the formula for 

the simple pendulum , we easily deduce from it 

whence it follows that the value of g can be determined by making 
*a pendulum vibrate and measuring T and 1. T is determined by 
counting the number of vibrations that take place in a given time ; 
I can be calculated, when the pendulum is of regular form, by the 
aid of formuloe wliich are given in treatises on rigid dynamics, but 
its value is more easily obtained by Kater's method, described above, 
founded on the principle of the convertibility of the centres of 
suspension and oscillation. 

48. Variations in the Intensity of Gravity. — Pendulum observations, 
which have been taken , in great numbers in various places, have 
established the result that the intensity of gravity varies over the 
surface of the earth. At London the value of g is 321 82; it increases 
in approaching the pole, and diminishes in going towards the equator. 
These variations, however, are not very considerable, as the following 
table of the values of g shows: — 


Value at the equator 32*088. 

Value in latitude 45° 32*171. 

Value at the poles 32*2.53. 


Its value for any place is approximately given by the formula: — 
9=32*088 (1 + *005133 8iu*\) ^ ), 

\ denotii>g the latitude of the place, h the height above the level of 
the sea,^ and R the earth’s radius, which is 20,900,000 feet. Local 

^ Tho correcting factor for elevation ^ 1 — is proper to be used in detennining the 

value of g in mid-air; for example, in tho positions reached by balloons. On the summit 
of a mountain, or of an elevated plateau in the interior of a^continent, the value of g is 
greater than at tho same level in mid-air above the ocean, owing to the attraction of the 
excess of land which projects above sea- level. See a paper by Dr. Young in the Phil. 
Trans, for 1819. 
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peculiarities prevent the possibility of laying down any general 
formula with precision, and the exact value of g for any place can 
only he ascertained by observations on the spot. 

49 , Centrifugal Force. — There are two distinct causes of these differ- 
ences in the intensity of gravity: the first is what is called centrifugal 
force. Consider a material point M attached to 
the extremity of a thread OM, and suppose an 
impulse to be given it in a direction perpen- 
dicular to the thread. At each instant, in virtue 
of inertia, the point tends to move along a tan- 
gent to the circle ; but the thread prevents this 
movement from taking place, by drawing the 
point, which in its turn reacts on the thread and 
stretches it with a certain force which has re- 
ceived the name of centrifugal force. It is clear 
that we may dispense with the thread, if we suppose an attractive 
force equal to that which the thread would exert directed towards 
0 . This force, which, by combining its effect with that of the 
initial injpulse, would produce circular motion, is called centripetal 
force. It is evidently equal and opposite to centrifugal force. 

The amount of the centripetal force in any given case of circular 
motion can be easily calculated. Let MP represent the space which 
the material point would describe in a certain small time t under 
the action of the centripetal force alone. This motion, combined 
with the motion due to the velocity which the particle possessed 
at M, gives the actual motion in the arc MM', provided that the 
time considered and the distance moved in that time are so small 
that the directions of the centripetal forces at M and M' are sensibly 
parallel — ^in other words, provided the arc MM' is very small in com- 
parison with the radius OM. In this case, by § 40 , PM', or rather 
a line equal and parallel to it drawn through M, represents the space 
due to the velocity which the point had at M, and is therefore equal 
to vty V denoting the velocity. Now if we denote by 0 the accelera- 
tion due to the centripetal force, this acceleration may be regarded 
as uniform during the time U and we have by § 38 , MP=i0^^, 

whence 0=^^?. But PM'^, that is vH^y is (by Euclid^ iii. 35) equal 
to 27 \MP, r denoting-the radius of the circle; therefore is equal 
to “. Consequently 0=^; that is, the centripetal force upon a 



Fig. 36 .—Centrifugal 
Force. 
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particle revolving with velocity v (feet per second) in a circle of 
radius r (feet) is equal to a force which, acting continuously upon 
the same particle initially at rest, would in one second give it a 

velocity of - . The centripetal force upon a mass of m pounds is 

Gaussian pound units (42), and is equal to the weight of 
pounds. 

When the circular movement is uniform, we can give the formula 
for <p a more convenient form. In fact if we denote by T the time 
of revolution, and by tt the ratio of circumference to diameter, we 

, 2irr j 'ir iTT^r 

have 6’= >j,-, and 0=- = 

Suppose, for example, a weight of 60 pounds attached to one end 
of a string 3 feet long, and revolving uniformly in a circle about 
the other end of the string, at the rate of 40 revolutions per minute. 
The time of revolution is here f of a second, and the force required 
to be exerted by the string is equal to the weight of 

il, X 4 7r‘^ X I X 3=8 1 *7 pounds ; 

and if the string be not strong enough to bear this weight it will 
break, and the body will fly off at a tangent. 

50. Different Effects of Centrifugal Force. — Several experiments on 
centrifugal force are exhibited in courses of physics. For example, 
a rod AB (Fig. 37), passing through two ivory balls M, M', is set in 
rotation in a horizontal plane by means of the mechanism shown in 
the figure. The balls are then seen to move towards the extremities 
of the rod. If a spring is placed beside one of the balls M', as shown 
in the figure, it will be pressed with a force which is precisely equal 
to the centrifugal force of the baU. 

The centrifugal railway (Fig. 38) shows a curious effect of this 
force. A carriage, starting from A, descends the inclined rails, 
and by following the course of the rails, which here forms a spiral 
convolution, to B, rises to C, and descending again on the side next 
A, passes on the further side of B and finally arrives at D. There 
is therefore an instant in the motion when the carriage is bottom 
upwards at the top of the convolution, and remains in contact with 
the rails in opposition to the force of gravity. The explanation 
is easy. The carriage attains a certain velocity in descending 
the incline which forms the first portion of its path. In virtue of 
its inertia it tends to move with this velocity in a tangential direc- 
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tion, but being compelled to follow the curved rails which lie in 
its way, it reacts upon them with a force whose amount is given 



Fig. 38.-— ContrifUgaJ Railway. 


and keep it pressed against the rails. It may be easily shown that 
to secure tins result the height of A ab()ve B must be to the height 
of C above B in a greater ratio than 6 to 4. 
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If the apparatus shown in Fig. 39, consisting of a kind of sphere 
formed of four flexible springs, be mounted on the whirling table 
and made to revolve, it will be 
seen to become flattened, the effect 
being more decided as the rota- 
tion is more rapid. This result is 
due to centrifugal force, which 
gives all parts of the springsb a 
tendency to recede from the axis 
of rotation, and especially those 
parts which are already most dis- 
tant from it. This experiment may 
be regarded as illustrating the man- 
ner in which the earth, when in a 
fluid state, accjuired its present 
form, bulging at the equator and 
flattened at the poles. 

51. The influence of centrifu- 
gal force in modifying the effect 
of gravity is easily deduced from 
what precedes. The various bodies 
which are on the surface of the 
earth are retained upon it by 
gravity, and a certain portion of 
the force of gravity is expended in constraining them to move in 
circular paths. The modification thus produced in the apparent force 
and direction of gravity is the same as if a force equal and opposite 
to the force thfis expended were compounded with the force of 
gravity proper ; that is to say, apparent gravity is the resultant of 
gravity proper and centrifugal force. 

At the equator, centrifugal force is directly opposed to gravity 
proper, and is therefore to be simply subtracted from it. Let r 
be the earth’s radius, T the length of a sidereal day (or the time of 
the earth’s revolution), then the intensity of centrifugal force at 

the equator is Putting for 2irr, or the earth’s circum- 

• 

ference,* its value in metres, viz. 40,000,000, and for T its value 
in seconds, 86,164, we obtain for the intensity in question the value 
*033. Now thedntensity of gravity, expressed with reference to the 
metre and second as units, is about 9’8. Hence centrifugal force at 
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the equator is or about of the force of gravity, and apparent 
gravity is less than gravity proper at the equator by this amount. 
The exact amount of diminution is more nearly of gravity 
proper; and since 289 is the square of 1 7, and centrifugal force varies 
as the square of the velocity, we see that if the rate of the earth's 
revolution were increased seventeenfold, bodies at the equator would 
lose their weight. 

As we recede from the equator, the intensity of centrifugal force 
diminishes because the distance from the earth's axis diminishes; 
and, at the same time, the direction of centrifugal force, being always 
perpendicular to this axis, becomes less directly opposed to gravity, 
so that only one of its two components is subtractive. For this 
double reason, the effect of centrifugal force in diminishing the 
apparent force of gravity becomes continually less as we recede 
from the equator. As far then as the disturbing effect of cen- 
trifugal force is concerned, the apparent intensity of gravity should 
be least at the equator, and should continually increase towards 
the poles. 

We may add that centrifugal force (except at the equator) affects 
not only the amount, but also the direction, of apparent gravity, 
since the resultant of two forces which are not directly opposed does 
not coincide in direction with either of them. The angle which the 
actual vertical (indicating the direction of apparent gravity), makes 
with the direction which the vertical would have if the earth were 
at rest, varies with the latitude; at Paris, where its value is nearly a 
maximum, it is between 5 and 6 minutes. 

62. Universal Gravitation, Earth's Mean Density. — Terrestrial gravi- 
tation is only a particular case of universal gravitation. Newton 
established, by researches extending over more than twenty-five 
years, that the movements of the planets around the sun, and of 
the satellites around the planets, could be explained by assuming 
the existence of a mutual attraction, which, taken in conjunction 
with an initial impulse, determines the paths which these bodies 
describe. This attraction is jointly proportional to the masses of 
the mutually attracting bodies, and varies inversely as the square 
of their mutual distance. By the ai(J of this assumption, astronomers 
have succeeded not only in explaining all the diversities of motion 
which ^the solar system exhibits, but in calculating the positions of 
the celestial bodies at distant times, both past and future, with mar- 
vellous accuracy. The study of the movements of the heavenly 
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bodies, which has thus been reduced to a branch of applied mathe- 
matics, is called Physical Astronomy. 

It is therefore natural to look upon terrestrial gravity as a par- 
ticular case .of universal gravitation, and to regard the fall of a bod}^ 
as a consequence of the attraction exerted on it by the different parts 
of tlje terrestrial globe. This identity is in fact' established by 
numerous proofs. Now it is obvious from the symmetry of the 
component attractions, that the resultant attraction of a sphere ex- 
erted at any point of its surface must be in the direction of the 
radius, and must therefore be perpendicular to the surface — a result 
which our every-day experience confirms in the case of the earth’s 
gravitation. Theory also shows that the attraction of an oblate 
spheroid is greater at the poles than at the equator. In fact, 
taking into account both the oblateness of the earth and centri- 
fugal force, theory agrees with observation in indicating that 
apparent gravity increases in going from tlie equator towards the 
poles by an amount proportional to the square of the sine of the 
latitude. 

The hypothesis of attraction then explains all the phei^omena of 
gravity : we may add that the existence of attraction at the surface 
of the earth has been experimentally demonstrated. Maskelyne, 
Hutton, and Playfiiir, in the celebrated Schiehallien experiment, 
proved that the plumb-line experienced, on either side of the mountain 
of th<at name, a deviation towards the mountain ; and a similar result 
was established by Sir Henry James at Arthur s Seat, near Edinburgh. 
Cavendish, by means of a very sensitive torsion-balance, showed 
that two large spheres of lead exercised a sensible attraction upon 
two small spheres, and was able to measure the amount of this 
attraction so precisely as to deduce, from the comparison of it with 
the earth’s attraction, that the mean specific gravity of the earth is 
5 5. Cavendish’s experiment has been repeated by Reich in Germany 
and by Baily in this country, with nearly coincident results. The 
Schiehallien experiment, which was the earliest attempt to determine 
the earth’s mean density, gave 5 for the result, and Mr. Airy’s ex- 
periment at Harton Colliery gave a result exceeding 6. Baily’s 
result, obtained by Cavendish’s method, with some improvements in 
the details, is generally accepted as the best determination; it is 
567. 

5S. Variation of Gravity with Height. — It follows from the identity 
of attracjjfon and gravity that this force diminishes as we rise above 
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the earth s surface, but the heights with which we commonly havp to 
do in our experiments are so small in comparison with the earth 
radius that the resulting differences of force are quite inappreciable. 
In the case, however, of large differences of height, the variation of 
force can be detected ; for instance, it is easy to establish experiment- 
ally that the intensity of gravity is less on the summit of a mountain 
than at its base. Theory shows that the attraction of a sphere upon 
external points is the same as if its mass were collected at the centre. 
Presuming this to be true in the case of the earth, it may be shown 
that, in ascending to any height above the earth's surface which 
is small in comparison with the earth’s radius, the diminution in the 
force of gravity is twice as great in comparison with the whole force 
of gravity as that height is in comparison with the earth’s radius 

This explains the origin of the factor 1 - in the formula of § 48. 

In penetrating into the interior of the earth, the law of the varia- 
tion of gravity is more complex. If the earth were homogeneous, 
its attraction would continually diminish in penetrating towards the 
centre, and would, if the earth were also truly spherical, be simply 
proportional to the distance from the centre. But in fact the density 
is greater in the central than in the superficial parts of the earth, the 
mean density being, as we have seen, about 5*7, while the density 
of the superficial beds is only about 3. This augmentation of density 
tends to increase the attractive force as we descend; and it will 
depend upon the law according to which the density varies which of 
these two opposite tendencies will j:)revail. Mr. Airy, in his experi- 
ment at Harton Colliery, found the intensity of gravity at the 
bottom of the mine, 1256 feet below the surface, to be greater than 
at the surface by about one part in 19,000. Supposing that similar 
results would be obtained in other places, it follows that, in penetrat- 
ing the earth, gravity must go on increasing from the surface down 
to a certain depth, where it becomes a maximum, and from which it 
decreases down to the earth’s centre, where it becomes ^sero, the 
equal and opposite attractions there destroying one another. 

63 a, Simple Vibrations. — The motion of a pendulum vibrating 
in a small arc, may be taken as .the type of a class of motions 
which very extensively prevail in nature, and are of great import- 
ance in many departments of physical science. They have been 
called by different writers simple vibrations , pendulum-like vibra- 
tions, sine-lilce vibrations, and simple harmonic motions. We shall 
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employ the first of these designations, and define a simple vibration 
to be the movement of a point to and fro along one line (not neces- 
sarily straight), with acceleration simply proportional to the distance 
of the point from the bisection of this line. If the line of motion be 
curved, the distance is to be measured along the curve, and in this 
case the acceleration referred to is the tangential acceleration 
along this curve. In every case, and in all parts of the motion, 
the acceleration of tlie moving point urges it towards the middle 
point of its patli, becoming zero only at the instant of passing this 
middle point. In the majority of cases that require to be considered, 
the line of motion is straight, or approximately straight. 

As examples of simple vibrations, we may instance, in addition to 
that of a pendulum above quoted, the motion of a point on either 
prong of a tuning-fork, or of a point in a musical string, when vibrat- 
ing so as to produce a pure note. In these cases, the force urging 
any point of the fork or string towards the position of equilibrium, 
varies directly as the distance of the point at any time from this 
position, and by the second law of motion acceleration is proportional 
to force. 

In the case of the simple pendulum (§ 43), the acceleration of the 
heavy particle when the thread makes an angle B with the vertical 
is g sin 0 (see § 53 d), which when the arc of vibration is small may 

be taken as equal to gO, that is, g j, x denoting the length of arc 

measured from lowest point, and I the 
length of the string. It is therefore pro- 
portional to X, the distance of the particle 
from the position of equilibrium. 

63 b, When simple vibration is executed 
in a straight line, it corresponds to the 
projection of uniform circular motion (Fig. 

39a); that is to say, if a point P move 
with uniform velocity round the circum- 
ference of a circle, and if Pp be the perpen- 
dicular let fall from P upon a fixed straight 
line in the plane of the circle, IJiien p, the 
foot of this perpendicular, will execute 
simple vibration. 

To prove this proposition, remark that by § 49 the point P is to be 
regardejj as constantly falling away from a tangent in obedience to 


Pa 



Fig. 89\. Projection of Circular 
Motion. 
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acceleration directed towards the centre of the circle, the amount of 

the acceleration being .r, where r denotes the radius of the circle. 

This acceleration, being directed from P towards the centre of the 
circle, may be resolved into two components, one parallel to the line 
of motion of j), and the other perpendicular to it. Tlie former of 

these, which is obviously the acceleration of p, is -- of the whole 

acceleration, x denoting the distance of p from its mean position, 
that is, from the foot of a perpendicular let fall from the centre of 

the circle. The acceleration of p is therefore x, and is propor- 
tional to X. 

53 c. We may hence prove that simple vibrations are isochronous. 
For if the acceleration be expressed by fxX, x denoting displacement 
from mean position, and fj. any constant, we see, by the preceding 
paragrapli, that the vibration keeps time with an imaginary point 
moving uniformly round a circle, a complete vibration being per- 
formed in the same period as a complete revolution; and if T denote 

this periocl, we have /i = ^ 2 ; whence T=:^, an expression which is 

independent of the amplitude of vibration. 

Applying this result to a pendulum vibrating in a small arc, we 

have)u=z‘'^- (see§ 53a); hence T= ^/^=27r V which is tlie time of 

a complete (or double) vibration.^ 

To understand the reason of the isochronism of simple vibrations, 
we have only to remark that, if the amplitude be changed, the velo- 
city at corresj)onding points (that is, points whose distances from the 
middle point are the same fractions of the amplitudes) will be 
changed in the same ratio. For example, compare two simple vibra- 
tions in which the values of yix are the same, but let the amplitude of 

^ The mathematical reader will remtu'k that our definition of simple vibration corresponds 
to the differential equation "^"2 = — and that the property proved in § 53n corresponds 

to the solution of this equation, which is «=« cos {ty/fi — c), a and e being arbitrary con- 
stants, the former calle<l tho amplitude and the latter the tpoch of the motion. The quan- 
tity \/p—e) is called the argument, and it is oJ)vious that x and its successive differential 
coetiicients will all remain unaltered if the argument be increased by 27r, that is, if ^ be 
2ir 

increased by ^iny multiple of' — Hence the motion always repeats itself after tho inter- 
Vp 

2 ^* 

val ; which is therefore the period of a complete vibration. 
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one be double that of the other. Then if we divide the paths of 
both into the same number of small equal parts, these parts will be 
twice as great for the one as for the other; but if we suppose the two 
points to start simultaneously from their extreme positions, the one 
will constantly be moving twice as fast as the other. The number 
of parts described in any given time will therefore bo the same for 
both. 

In the case of vibrations which are not simple, it is easy to see 
(from comparison with simple vibration) that if the acceleration in- 
creases in. a greater ratio than the distance from the mean position, 
the period of vibration will be shortened by increasing the amplitude ; 
but if the acceleration increases in a less ratio than the distance, as 
in the case of the common pendulum vibrating in an arc of moderate 
extent, the period is increased by increasing the amplitude. 

53 d. Cycloidal Pendulum. — We saw in § 33 that the eftective com- 
ponent of gravity upon a particle resting on a smooth inclined plane 
was proportional to the sine of the inclination. The acceleration 
of a particle so situated is in fact g sin a, if a denote the inclination 
of the plane. When a particle is guided along a smoot^i curve its 
acceleration is expressed by the same formula, a now denoting the 
inclination of the curve at any point to the horizon. This inclina- 
tion varies from point to point of the cuive, so that the acceleration 
g sin a is no longer a constant quantity. The motion of a common 
pendulum corresponds to the motion of a particle which is guided to 
move in a circular arc; and if x denote distance from the lowest 
point, measured along the arc, and r the radius of the circle (or 

X 

* the length of the pendulum), the acceleration at any point is g sin - . 

This is sensibly proportional to x so long as a; is a small fraction 
of r ; but in general it is not proportional to x, and hence the vibra- 
tions are not in general isochronous. 

To obtain strictly isochronous vibrations we must substitute for 
the circular arc a curve which possesses the property of having an 
inclination whose sine is simply proportional to distance measured 
along the curve from the lowest point. The curve which possesses 
this property is the cycloid. It is the curve which is traced by 
a point in the circumference of a circle which rolls along a straight 
line. The cycloidal pendulum is constructed .by suspending an ivory 
ball or some other small heavy body by a thread between two 
cheeks (Fig. 39b), on which the thread winds as the ball swings to 
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either side. The cheeks must themselves be the two halves of. a 
cycloid whose* length is double that of the thread, so that each 

cheek has the same length as the 
thread. It can be demonstrated^ 
that under these circumstances 
the path of the ball will be a 
cycloid identical with that to 
which the cheeks belong. Ne- 
glecting friction and the rigidity 
of the thread, the acceleration in 
this case is proportional to dis- 
tance measured along the cycloid 
from its lowest point, and hence, 
by last section, the time of vibra- 
ation will be strictly the same for large as for small amplitudes. 
It will, in fact, be the same as that of a simple pendulum having the 
same length as the cycloidal pendulum and vibrating in a small arc. 

Attempts have been made to adapt the cycloidal pendulum to 
clocks, but* it has been found that, owing to the greater amount 
of friction, its rate was less regular than that of the common pendu- 
lum. It may be remarked, that the spring by which pendulums 
are often suspended has the eflect of guiding the pendulum bob 
in a curve which is approximately cycloidal, and thus of diminishing 
the irregularity of rate resulting from differences of amplitude. 

63 E. Centre of Mass, or Centre of Inertia. — The point which has 
been mentioned in Chapter iv., under the name of centre of gravity, 
possesses important properties besides those which depend upon its 
being the point through which the resultant force of gravity 
passes. 

It may be demonstrated by geometry that if a body be divided 
into a number of equal elements (equal in mass, not necessarily in 
size), each of them being so small in ail its dimensions tlmt it may 
be treated as a material point, there is a certain point in the body 
such that its distance from any plane whatever is equal to the mean 
distance of all tlie elements from the same plane — that is, to the sum 
of all the distances divided by the number of elements.^ This point 
is called the centre of mass. 

^ Since the evolute of the cycloid is an equal cycloid. 

® If the plane cuts the body, distances on one side of the plane must be reckoned positive 
and on the other negative, aud the sum in question must be the algebraical sum. 



Fig. 39b.— Cycloidal Pendulum. 
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If a set of equal and parallel forces act one on each element in the 
same direction, their resultant will pass through the centre of mass. 
Inasmuch then as tlie force of gravity upon a body is made up of 
such a set of equal and parallel forces, the centre of mass is also the 
centre of gravity, * 

Again, if a body at rest be set in motion in such a manner that all 
its points move in parallel straight lines with equal velocities’ the 
resistance which inertia opposes is composed of a set of such equal 
and parallel resistances; its resultant therefore passes through the 
centre of mass, which is hence called the centre of inertia. It is 
evident that the force requisite for producing such motion in a body 
must be equivalent to a single force applied at this point, .and the 
same remark applies to the force necessary for destroying such motion 
and bringing the body to rest. 

Conversely, if a force be applied to a body at its centre of mass, 
or in a line passing through the centre of mass, the body will be set 
in motion in such a way that all its points will have equal and 
parallel velocities, their common direction being parallel to the lino 
of action of the force. 

A force applied to a free body in a direction not passing through 
the centre of mass will produce movement of the centre of mass 
combined with rotation of the body about the centre of mass. Of 
these two components of motion, the former will be the same as 
would be produced by the given force if it acted in a direction 
passing through the centre of mass ; and the latter — the rotation — 
will be the same as if the centre of mass were fixed. 

A couple applied to a fi:‘ee body will produce rotation of the body 
about the centre of mass, but will not produce any motion of the 
centre of mass. 

When a body moves so that all its points are at every instant 
travelling in the same direction (that is in parallel directions and 
towards the same parts) and with equal velocities, it is said to have 
a movement of translation. All straight lines in a body so moving 
remain always parallel to their original positions, and conversely; 
hence this property may be taken as the definition of movement of 
translation. Every possible mo^^on of a rigid body can be resolved 
into motion of translation accompanied by motion of rotation, and 
the resolution can always be so effected that the axis of rotation at 
any instant shall be parallel to the direction of the movement of 
translation. It is always possible, and is generally convenient, to 
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regard the motion of a rigid body under the action of any forcea as 
compounded of a motion of translation of the body as a whole, and 
a rotation of the body about an axis passing through its centre of 
mass. 

63 r. When two or more bodies, or parts of the same body, are 
free to move, it is impossible for any action exerted between them 
to alter the motion of their common centre of mass. It is also im- 
possible for such action to alter the total angular momentum about 
tlie centre of mass. For example, when an animal is either jumping 
or falling, no movement that it can make in mid-air without touching 
other bodies can either alter the motion of its centre of gravity, or 
cause part of its body to rotate in one direction without causing the 
remainder to rotate in the opposite direction. 

The recoil of fire-arms depends on the same principle. Whatever 
force the gases which are produced by the explosion of the powder 
exert in i)ropelling themselves and the ball forwards, they must 
always exert the same force for the same time in urging the gun 
backwards. If a shell explodes at an elevation in the air, then, 
neglecting the effect of the wind, the common centre^of gravity of the 
fragments of the shell and the products of explosion will describe 
the same path and with the same velocity which the centre of gravity 
of the shell would have had if there had been no explosion. 

Tliis principle is ef great importance in the movement of the 
heavenly bodies. For example, neglecting any general movement 
which the solar system as a wliole may have in space, we are 
entitled to assert that in whatever direction the common centre of 
gravity of the planets may be moving at any time, the centre of 
gravity of the sun must be moving in a parallel and opposite direc- 
tion ; inasmuch as the centre of gravity of the whole system, consist- 
ing of sun and planets, remains always at rest. 

53 G. Moment of Inertia. — When a body is capable of turning about 
a definite axis, its inertia opposes resistance to any force which may 
be applied to set it in rotation, and, if it has once been set in rota- 
tion, its inertia gives it a tendency to continue rotating with constant 
velocity, so that it can only be brought to rest by the action of 
opposing force. 

The power of a force as regards its tendency to produce rotation 
about an axis is called the moTnent of the force about the axiSy and 
is measured by the product of the force and the arm at which it 
acts. If the body is acted on by more forces than one, the sum of 
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the moments of the several forces about the axis is the measure of 
the total tendency to produce rotation, and is called 'the total moment 
of all the forces. It is to be understood that if some of the forces tend 
to make the body turn in one direction and others in the opposite di- 
rection, the moments of the one set must be reckoned positive and of 
the other negative, and the sum in question must be the algebraical sum. 

On the other hand, the resistance which the inertia of the rotating 
body opposes to the action of*forces tending to accelerate or retard 
its rotation is called its moment of inertia. The rate at whicli the 
angular velocity changes is equal to the total moment of the forces 
divided by the moment of inertia of the body. 

The moment of inertia of a body about an axis is the sum of all 
the terms which are obtained by multiplying each element by the 
square of its distance from the axis. 

The angular momentum of a rotating body is a name given to 
the product of the moment of inertia and the angular velocity. 
Equal forces acting at equal arms for the same time upon different 
bodies produce equal angular momenta. 

The energy of rotation of a rotating body is half the product of 
its moment of inertia and the square of its angular velocity. Equal 
amounts of work spent upon different bodies in producing rotation 
yield equal amounts of energy of rotation. 

These ideas may be illustrated by a reference to the use of fly- 
wlicels in macliinery. A fly-wheel is a wheel which, by means of 
its inertia, acts as an equalizer of the motion of the machine to 
which it is attached, resisting, to an extent measured by its moment 
of inertia, all sudden changes of velocity. It is chiefly cmjdoyed in 
cases where either the driving power or the resistance to be over- 
come is liable to rapid alternations of magnitude. When the power 
is in excess of the resistance the motion of the fly-wheel is acceler- 
ated, and the energy thus accumulated is given out again when the 
resistance is in excess of the power, the inertia of the fly-wheel then 
assisting to overcome the resistance, while at the same time the 
velocity of the wheel is diminished. 

Fly-wheels are always made with heavy rims, the rest of the 
wheel being usually as light is compatible with the requisite 
strength. This arrangement is adopted with the view of obtaining 
the greatest possible moment of inertia; for if all the matter of tlie 
wheel were collected at its rim, the moment of inertia would be 
equal tq the mass multiplied by the square of the radius. 



76 


THE PENDULUM. 


53 H. Centre of Percussion. — We have already seen that when a 
force acts upon a rigid body in a direction not passing through the 
centre of mass, it tends to produce a motion consisting partly of 
translation and partly of rotation of the body about the centre of 
mass. This principle remains true when the force is applied in the 
shape of a blow, and may easily be tested experimentally in a rough 
way by suspending a straight rod by a long string attached to one 
end and striking it with a hammer in different points. If tlie rod 
be struck in a horizontal direction near its top, its bottom will at 
the instant of the blow move in the opposite direction, and if it be 
struck near the bottom the top will fly back. In each case there is 
some intermediate line at right angles to the direction of the blow, 
which neither moves forwards nor backwards at the instant of the 
blow, while points on opposite sides of it move in opposite directions. 
With reference to this line, regarded as an instantaneous axis of 
rotation, the point at which the body was struck is called the centre 
of percussion. It adnjits of proof that the centre of percussion with 
respect to any axis is the same as the centre of oscillation. 

When a body is suspended so that it can rotate about an axis, if 
we desire to strike it without jarring the axis, it is necessary that 
the, blow should be administered at the centre of percussion, and this 
remark is equally true if the body in question be the striking instead 
of the struck body. For example, the proper point of a bat for 
striking a ball so as not to jar the hands is the centre of percussion of 
the bat with respect to an axis passing through the hands. 

63 1. Momentum, Energy of Motion. — The product of the mass 
and velocity of a body is called the momentum of the body. If 
equal forces act upon unequal masses /or the smm time, the momenta 
generated are equal This principle applies to the recoil of fire-arms, 
supposing the gun to be free to move. 

On the other hand, if equal forces act upon unequal masses origin- 
ally at rest, through equal distances (and therefore do equal amounts 
of work upon them), the momenta generated will be unequal; the 
greater mass will receive the greater momentum. Equal products 
will however be obtained in tliis case, if we multiply each mass by 
the square of its velocity. In the case of a falling body, we have 
seen that the velocity acquired in falling through a height s is 
^;=V 2f/6f, whence ^v^'^gSy and if the mass of the body (in lbs.) 
is m, we have \mv-=gim. Now, the force which produces the 
descent is the weight of m lbs., which is equivalent to gm (Jl;aussian 
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units of force, and as the space through which the force works is 
8, the work done is gins, which is the second member of the above 
equation, and is equal to We see, then, that in this case the 

work done, expressed in Gaussian units of work (of which a foot- 
pound contains g), is equal to half the product of the mass (in 
pounds) and the square of the velocity. This principle is perfectly 
general, and may be extended to bodies already in motion as well as 
to bodies initially at rest by substituting for "'the change 

produced in the value of \mvV' Conversely, since the height to 
which a body will rise when thrown upwards with a given velocity 
is the same as the height from which it must fall to acquire that 
velocity, it follows from the foregoing equations that the value of 
\mv^ at the commencement of the ascent is e([ual to the work which 
gravity would do upon the body during its descent from the height 
to which it rises to the point from which its ascent commenced ; and 
if we denote the product of force and distance moved in the case 
when the direction of the motion is opposite to that of the force, 
by the name negative work, we may assert that the diminution which 
occurs in the value of during the whole ascent or (faring any 
part of it is equal to the negative work done upon the body by 
gravity during that part of the motion. 

It is in this sense that work and motion are said to be convertible, 
and the product \mv\ whose changes of value are always equal 
to the work done upon the body, is called the energy of motion, or 
the kinetic energy of tlie body. This equality subsists not only for 
the case of gravity, but for all forces whatever: we may assert uni- 
versally (neglecting for the present the effects of friction and mole- 
cular changes), that when a body of mass m moves at one time with 
a velocity and at a subsequent time with velocity v^, the whole 
amount of work done upon the body during the interval (the alge- 
braic sum being taken if any of the work is negative) is equal to 
\mv^ — \mvf. 

The product lias sometimes been called the accumidated 

work in a body, or the work stored up in the body, inasmuch as a 
moving body is able in virtue of its motion to overcome resistance 
through such a distance that the work done (or product of resistance 
and distance through which it is overcome) will be equal to 
We have seen one example of this in the ease of a body thrown 
upwards, which overcomes the resistance mg of gravity through a 
height 8 such that mg8=\mv\ 
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68 J. Energy of Position, or Potential Energy.— We have now-, to 
introduce a new idea, which is of comparatively recent origin, and 
plays an important part in modern dynamics. When a body of mass 
m is at the height s above the ground, which we will suppose level, 
we can cause it to acquire a certain velocity such that 
mg by simply allowing it. to fall to the earth. The position of a 
body in this instance confers the power to obtain motion, and there- 
fore kinetic energy; and as we have just seen, kinetic energy can be 
made to yield work. A body in an elevated position may therefore 
be regarded as a reservoir of work: the water in a mill-dam is, in 
fact, a case in point ; and for this reason such a body is said to pos- 
sess energy of posit ion, or, as it is more commonly called, potential 
energy. In contradistinction from this latter name, the energy which 
a moving body possesses in virtue of its motion is sometimes called 
actual energy. 

It should be remarked that energy of position is essentially relative, 
depending on the position of one body with reference to one or more 
others. In the case just considered the other body is the earth. In 
order to hf. philosophically correct in our language, we should speak 
not of the potential energy of a body, but rather of the potential 
energy of two or more bodies with reference to each other in a given 
relative position; or more briefly, of the potential energy of a cer- 
tain relative position of the bodies. 

It must also be remarked that while we can speak with precision of 
the difference between the potential energies of two specified posi- 
tions, we cannot in strictness assign a definite value to the potential 
energy of one specified position unless we know the limits to the 
possible motion of the bodies in obedience to their mutual forces. 
For example, in the case just considered — that of a body at a certain 
height above level ground — the present position of the bodj^ is com- 
pared wdth that which it will occupy when it lies upon the ground. 
But a shaft might be sunk in the ground, and with reference to the 
bottom of this shaft a body lying on the surface of the ground would 
possess a certain amount of potential energy, which must be added 
to that above considered to obtain the potential energy of the body 
in its first position as compared w\ibh the position which it would 
occupy when lying at the bottom of the shaft. 

Whenever motion takes place in obedience to natural forces, the 
increase or diminution of potential energy which takes place in 
passing from one position to another is always exactly compensated 
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by an opposite change in the total amount of kinetic energy; from 
which it follows that the sum of potential and kinetic energies 
remains unchanged. Whenever kinetic energy is increased at the 
expense of potential energy, the forces concerned do an amount of 
positive work equal to the amount by which the former i6 increased 
or the- latter diminished. On the other hand, whenever potential 
energy is increased at the expense of kinetic energy, the forces do 
negative work equal in absolute value to the energy thus transferred. 
Instances of the former kind of transfer are furnished by the motion 
of a falling body and the motion of a planet from aphelion to peri- 
helion ; instances of the latter kind are furnished by the motion of 
a body thrown upwards, and the motion of a planet from perilielion 
to aphelion. 

53 k. Effect of Friction upon Transformation of Energy. — Thus far 
we have been supposing that frictional resistances are neglected. 
Friction, in fact, causes an apparent loss of energy, but this loss is 
accompanied by a generation of heat which is itself a form of energy, 
and a definite amount of heat is produced by each unit of work thus 
apparently wasted. Conversely, whenever heat is employed as a 
motive power (in the steam-engine, for example), a quantity of heat 
is destroyed equivalent, on the same scale, to the work produced. 

Another kind of energy is developed when friction is employed 
as a means of generating electricity. In this case the potential 
energy of electrical attraction which is called into existence is the 
precise equivalent of the work spent in producing it. 

Similar principles apply to all other cases in which energy is 
apparently destroyed. Anny particular form of energy may he 
destroyed, hUt only on condition of an equivalent amount of energy 
in some other shape coming into existence. The whole amount of 
energy in the universe cannot undergo either increase or diminution. 
This great natural law is called the principle of the conservation of 
energy. 

The exact nature of the various forms of molecular energy, such 
as heat, light, electricity, magnetism, and chemical affinity, is not 
at present known, but we run little risk of error in affirming that 
they all consist either of pecul^r kinds of molecular motiop or of 
peculiar arrangements of molecules as regards relative position. 
They must therefore fall under one or other of the two heads ‘^energy 
of position*^ and “energy of motion.” 
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54. The object of the balance is the measurement of the weights 
of bodies. It consists essentially of a rigid lever AB called the beam, 
movable about an axis O at the centre of its length. This axis rests 



Fig. 40.— -Balance. 


upon two planes, and as it is a little above the centre of gravity, the 
beam takes a position of stable equilibrium. An index needle at- 
tached to the beam traverses a graduated arc, and indicates the 
position of equilibrium of the beam by pointing to zero. 

This equilibrium will not be disturbed if we suspend from the 
extremities of the beam two scale-pans of the same substance, form, 
and dimensions. Neither will it be disturbed if in these scale-pans 
we place bodies of eqyal weight. And conversely, if two bodies 
placed in the two scale-pans equilibrate each other, their weights are 
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equal. This, then, is the principle of the well-known use of the 
balance. 

65. Correctness of the Bala^. — It is necessary to the validity of the 
preceding reasoning that the scale-pans should be suspended at 
exactly the same distance from the axis, or, in other words, that the 
arms of the balance should be rigorously equal in length. This is 
known to be the case if the needle points to zero both when the 
scale- pans are empty and when they are loaded with two bodies of 
equal weight. If we have not two weights exactly equal, it is suffi- 
cient to place any body whatever in one of ^hc scale-pans, and 
equilibrate it by placing so much matter in the other scale as will 
bring the index to zero ; if we then interchange the contents of the 
two scale-pans, the needle should still point to zero. If it does not, 
the reason is that the arms are not of equal length. Easy as it is, 
however, to make the arms of approximately equal length, it is 
exceedingly difficult to make them rigorously equal ; and accordingly, 
whenever great accuracy is required, the method of double weighing 
is employed, which enables us to obtain the exact weight, even when 
the arms of the balance ai^e slightly unequal. This methoji consists 
in first counterpoising the body to be weighed with any substance — 
as, for example, shot or sand — and then replacing the body by weights 
sufficient to produce equilibrium. It is evident that these latter, as 
they produce the same effect as the body under the same circum- 
stances, must have the same weight. 

86,. Sensibility of the Balance. — balance is said to be more or less 
sensitive when the beam, supposed to be originally horizontal, is 
more or less inclined for a given diflerence of weights. The sensi- 
bility depends, in the first placdf on the friction of the axis against 
its supports. In carefully constructed balances this axis is formed 
by the edge of a triangular prism of very hard steel, called a knife- 
edge, which rests upon a plane of steel or agate. In this way, as 
rotation takes place about a very fine axis, and as, besides, the 
materials employed are very hard, the friction is rendered exceedingly 
small. 

Supposing friction to be eliminated, the sensibility of the balance 
depends upon the weight of the. beam, its length, and the distance 
between its centre. of gravity and the axis of suspension. We shall 
proceed to investigate the influence of these different elements. 

Let A and B be the points from which the scale-pans are sus- 
pended, Q the axis about which the beam -turns, and G the centre of 
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gravity of the beam. If when the scale-pans are loaded with equal 
weights, we put into one of them an excess of weight p, the beam 

will become inclined, and will take 
a position such as A'B', turning 
through an angle which we will call 
a, and which is easily calculated. 

In fact, let the two forcesT and 
P -fr p act at A' and B' respectively, 
where P denotes the less of the two 
weights, including the weight of the 
pan. Then the two forces P destroy 
each other in consequence of the re- 
sistance of the axis O ; there is left 
only the force p applied at B', and the weight tt of the beam applied 
at G', the new position of tlie centre of gravity. These two forces 
are parallel, and are in equilibrium about the axis 0, that is, their 
resultant passes through the point O. The distances of the points of 
application of the forces from a vertical through O are therefore 
inversely* proportional to the forces themselves, which gives the 
relation 

TT. B'L. 

But if we call half the length of the beam I, and the distance OG r, 
we have 

G'li = »’ sin a, B'L = I cos o, 

whence irr sin a = pi cos a, and consequently 

tan a = (a) 

The formula (a) contains the entire theory of the sensibility of the 
balance when properly constructed. We see, in the first place, that 
tan a increases with the excess of weight p, which was evident 
beforehand. We see also that the sensibility increases as I increases 
and as ir diminishes, or, in other words, as the beam becomes longer 
and. lighter. At the same time it is obviously desirable that, under 
the action of the weights employed,^ the beam should be stiff enqugh 
to undergo no sensible change of shape. The problem of the balance 
then consists in constructing a beam of the greatest possible length 
and lightness, which shall be capable of supporting the action of 
given forces without bending. 



li'-i-p 

I 

Fig. 41. 
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Fortin, whose balances are justly esteemed, employed for his beams 
bars of steel placed edgewise ; he thus obtained great rigidity, but 
certainly not all the lightness possible. At present the makers of 
balances employ in preference beams of copper or steel made in the 
form of a frame, as shown in Fig. 42. They generally give them the 
shape of a very elongated lozenge, the sides of which are connected 
by bars variously arranged. The determination, of the best shape is, 
in fact, a special problem, and is an application on a small scale of 
that principle of applied mechanics which teaches us that hollow 
pieces have greater resisting power in proportion to their weight 
than solid pieces, and consequently, for equal resisting power, the 
former are lighter than the latter. ^ Aluminium, which with a rigidity 
nearly equal to that of copper, has less than one-fourth of its density, 
seems naturally marked out as adapted to the construction of beams. 
It has as yet, however, been little used. 

The formula {a) shows us, in. the second place, that the sensibility 
increases as r diminishes; that is, as the centre of gravity approaches 
the centre of suspension. These two points, however, must not coin- 
cide, for in that case for any excess of weight, however «mall, the 
beam would deviate from the horizontal as far as the mechanism 
would permit, and would afford no indication of approach to equality 
in the weights. With equal weights it would remain in equilibrium 
in any position. In virtue of possessing this last property, such a 
balance is called indifferent Practically the distance between the 
centre of gravity and the point of suspension must not be less than 
a certain amount depending on the use for which tlie balance is 
designed. The proper distance is determined by observing what 
difference of weights corresponds to a division of the graduated arc 
along which tlie needle moves. If, for example, there are 20 divi- 
sions on each side of zero, and if 2 milligrammes are necessary for 
the total displacement of the needle, each division will correspond to 
an excess of weight of or of a milligramme. That this may 
be the case we must evidently have a ’suitable value of r, and the 
maker is enabled to regulate this value with ])recision by means of 
the screw which is shown in the figure above the beam, and which 
enables him slightly to vary thq position of the centre of gravity. 

In the above analysis we have supposed that the three points of 
suspension of the beam and of the two scale-pans are in one straight 
lihe ; in which case the value of tan a does not include P, that is, the 
sensibility is independent of the weight in the pans. This follows 
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from the &ct that the resultant of the two forces P passes through 
0, and is thus destroyed, because the axis is Axed. This would not 
be the case if for example, the points of suspension of the pans were 
above that of the beam; in this case the point of application of the 
common load is above the point O, and, when the beam is inclined, 
acts in the same direction as the excess of weight; whence the 
sensibility increases with the load up to a certain limit, beyond 
which the equilibrium becomes unstable.^ On the other hand, when 
the points of suspension of the pans are below that of the beam, the 
sensibility increases as the load diminishes, and, as the centre of 
gravity of tlie beam may in this case be above the axis, equilibrium 
may become unstable when the load is less than a certain amount. 
This variation of the sensibility with the load is a serious disadvan- 
tage; for, as we have just shown, the displacement of the needle is 
used as the means of estimating weights, and for this purpose we 
must have the same displacement corresponding to the same excess 
of weight. If we wish to employ either of the two above arrange- 
ments, we should weigh with a constant load. The method of doing 
so, which oouKstitutes a kind of double weighing, consists in retaining 
in one of the pans a weight equal to the maximum load. In the 
other pan is placed the same load subdivided into a number of 
marked weights. When the body to be weighed is placed in this 
latter pan, we must, in order to maintain equilibrium, remove a 
certain number of weights, which evidently represent the weight of 
the body. 

We may also remark that, strictly speaking, the sensibility always 
depends upon the load, wliich necessarily produces a variation in the 
friction of the axis of suspension. Besides, it follows from the nature 
of bodies that there is no system that does not yield somewhat even 
to the most feeble action. For these reasons, there is a decided 
advantage in operating with constant load. 

67. Suspension of the Scale-pans. — fundamental condition of the 
correctness of the balance is, that the weight of each pan and of 
the load which it contains should always act exactly at the same 
point, and therefore at the same distance from the axis of suspension. 
This important result is attained by (lifferent methods. The arrange- 

^ This is an illustration of .the general principle, applicable to a great variety of philo- 
sophical apparatus, that a maximutn of sensibility involves a minimum of stability ; that 
is, a very near approach to instability. This near approach is usually indicated by exces- 
sive slowness in the oscillations which take place about the position of equilibrium. 
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ment represented in Fig. 42 is one of the most effectual. At the 
extremities of the beam are two knife-edges, parallel to the axis of 
rotation, and facing upwards. On these knife-edges rests, by a 
hard plane surface of agate or steel, a stirrup, the front of wliich 
has been taken away in the figure. On the lower part of the 
stirrup rests another knife-edge, at riglit angles to the former, the 



Fig. 42. — Beam of Balance. 


two being together equivalent to a universal joint supporting the 
scale-pan and its contents. By this arrangement, whatever may be 
.the position of the weights, their action is always reduced to a vertical 
force acting on the upper knife-edge. 

Fig. 43 represents a balance of great delicacy, with the glass 
case that contains it. At the bottom is seen the extremity of a 
lever, wliich enables us to raise the beam, and thus avoid wearing 
the knife-edge when not in use. At the top may be remarked an 
arrangement employed by some makers, consisting of a hoj*izontal 
graduated circle, on which a small metallic index can be made to 
travel ; its difierent displacements, whose value can be determined 
once for all, are used for the final adjustment to produce exact 
equilibrium. 

68. Densities. — If we weigh ^qual volumes of difierent bodies in 
nature, we find that they have difierent weights. Thus, a litre of 
water weighs 1 kilogramme, a litre of merchry weighs .13 6 kilos., 
a litre of alcohol 0*79 kilos. This we express by saying that difler- 
ent bo(^es have different densities. It is evidently imjiortant to 
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know the density of the different substances with which we have-to 
deal; for this is, in fact, a fundamental element of their physi^ 
constitution. Attempts have therefore been made to form a list 
containing the weight of a given volume of each of the substances 



Fig. 48. — Balance for Purposes of Accuracy. 


known in nature. The simplest way of determining tlie density 
of a substance is to weigh a certain known volume of it, and to 
divide the weight obtained by the volume; we shall thus obtain the 
weight of unit volume. 

The same object is attained indirectly by determining the spec'ifio 
gravity of the substance ; that is to say, the ratio of its density to 
that of some standard substance whose density is known. The 
standard substance commonly employed for this comparison is 
distilled water at the temperature of maximum density (about 39°‘l 
Fahrenheit). The weight of a cubic foot of such water is 62*425 
lbs. avoirdupois; hence the specific gravity of a substance multiplied 
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“by - 62*425 is the weight of a cubic foot .of the substance in lbs., 
which may be called the denMty of the substance in lbs. per cubic 
foot 

In the metrical system the conversion of specific gravities into 
densities is much simpler; for since the gramme, kilogramme, and 
tonne are the weights respectively of a cubic centimetre, cubic 
decimetre, and cubic metre of distilled water at the temperature of 
maximum density, it follows that the same number which denotes 
the specific gravity of a substance, also denotes the weight of a cubic 
centimetre of the substance in grammes, the weight of a cubic 
decimetre in kilogrammes, or the weight of a cubic metre in tonnes. 
In other words, the specific gravity is equal to the density, whether 
the latter be expressed in grammes per cubic centimetre, in kilo- 
grammes per cubic decimetre, or in tonnes per cubic metre. 

If V denote the volume of a body, P its weight, and D its density, 
or weight per unit volume, we have 

D = ^ P=VD, 

so that if any two of these jthree elements arc given, the lihird can 
be computed. 

Example I. — What is the weiglit of a mass of granite of 84 cubic 
metres, the density of granite being 2*75? The formula gives 
P = 84 X 2*75 = 231 tonnes. 

Example II. — What is tlie volume of 1 000 kilos, of mercury, the 
density of mercury being 13*G? 

V = z= 73*5 litres, since the litre is equal to the cubic deci- 
metre. 

59. Experimental Determination of Densities. — The following is one 
of the simplest methods for the practical determination of densities. 
We begin by weighing the bodyi Suppose, for example, its weight 
to be 10 grammes. It is then placed upon one of the scale-pans of a 
balance,, along with a flask with a wide neck, of a form such as is 
shown in Fig. 44, and exactly full of water; these are balanced in 
the other scale by weights of any kind. The body is then introduced 
into the flask, and evidently 4?splaces a volume of water equal to 
its own volume. If now we close the flask, taking care that it is 
filled to the same level as before, wipe it, and put it back on the 
scale-pan, there will not be equilibrium. In order to re-establish 
equilibi^um we must add, suppose, 2*5 grammes ; this is the weight 
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of a volume of water equ^ to that of the body; the specific gi'avity of 

the latter then is -^*1 = 4. When we wish to determine the density 

of a liquid, we employ a flask (Fig, 45), the upper extremity of 
which terminates in a narrow tube on which there is a mark. After 



Fig. 45.— Si>eoific Gravity 

Fig. 44. — S{)eoific Gravity Flaak for Solida. Flask lor Liquids. 

having v*eighed the flask empty, we fill it successively with the 
liquid and with water, as far as the mark. This gives us the weights 
of equal volumes of water and of the liquid whose density is to be 
determined ; and the quotient obtained by dividing the former by 
the latter is the specific gravity of the liquid. 

There is generally some diflSculty in filling the flask, on account of 
the very small diameter of the tube. The usual way is to put a 
little liquid into the cup at the upper extremity of the tube, and 
press it with the stopper; this pressure is generally sufficient to make 
the liquid pass into the flask. These two methods for determining 
densities are susceptible of great precision. 

Other methods will be described in Chapter x. 

In the following table we give the specific gravities of some liquids 
and solids. 


Liquids, at Temperature of Freezing Water. 


Water, sea, ordinary, . . 

. . 1*026 

Oil, linseed, . . 

Alcohol, pure, .... 

. . *791 

olive, . . . 

„ proof spirit, . . 

. . *916 

„ whale, . . 

Ether, ....... 

. . . -716 

„ of turpentine, 

Mercury, 

, . . 13*596 

Blood, human. 

Naphtha, 

, . . -848 

Milk, of cow, . . 


•940 

•915 

•923 

•870 

1-055 

1-03 
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Solids. 


Brass, cast, 7*8 to 8*4 

„ wire, 8*54 

Bronze, 8*4 

Copper, cast, .■ 8*6 

„ sheet, 8*8 

• „ hammered 8*9 

Gold, 19 to 19*6 

Iron, cast, 6*95 to 7*3 

„ wrought, 7*6 to 7^ 

Lead, 11*4 

Platinum, 21 to 22 

Silver, 10*5 

Steel, 7*8 to 7*9 

Tin, 7*3 to 7*5 

^inc, 6*8 to 7*2 


Ice, *92 

Basalt, 3 00 

Brick, 2 to 2*17 

Brickwork, 1*8 

Chalk, l‘8to2*ii 

Clay, 1*92 

Glass, crown, .2*5 

,, flint, 3*0 

Quartz (rock-crystal), 2*65 

Sand, 1*42 

Fir, spruce, , . . . < . . . * 48 to *7 

Oak, European, *69 to *99 

Lignum^vitjc, *65 to 1 *33 

Sulphur, octahedral, 2*05 

,, prismatic, 1*98 


Tho unit of specific gravity is the specific gravity of pure w^ater at the temperature of 
luaxiiiiuin density (39''*! Fahr.) 

The wciight of a cubic foot of any substance is equal to 62*425 lbs. avoirdupois, multi- 
plied by its specific gravity. 

The weight of a cubic centimetre of any substance, in grammes, is equal to its specific 
gravity. 

The weight of a litre (or cubic decimetre) of any substance, in kilograrnmcf^ is equal to 
its specific gravity, 

Tlio weight of a gallon of any liquid, in lbs. avoirdupois, is equal to its specific gravity 
multiplied by 10. 
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60. Transmission of Pressure. — The peculiar constitution of liquids 
(§ 19) involves some important properties as regards pressure and the 
transmission of pressure. If we suppose that in a vessel A (Fig. 46), 
full of li({uid, an opening is made at P, and a certain pressure applied 

there by means of a piston, the effect of this 
pressure will be to bring the molecules closer 
together, and, consequently, to create a repul- 
sive action between them. As this result 
takes place throughout the whole extent of 
the mass, it is evident that each point in the 
sides of the vessel will be pressed, and tliat 
tlius the effect of the single pressure will be 
transmitted in an infinite number of difierent 
directions. This kind of irradiation of pres- 
sure in fluids is a distinctive characteristic, 
and has most important applications. 

The pressure exerted at P takes effect not only upon the sides of 
the vessel, but also at ever^?^ point in the liquid. Thus a small plane 
lamina, which we will suppose placed at M, will be subjected to two 
equal and opposite, pressures upon its two faces. It is als# very 
important to remark, that on account of the uniform nature of the 
liquid, these pressures will not change in magnitude if we suppose 
the lamina turned round so as to take different directions in the 
, liquid mass, for there is evidently no reason why the pressure should 
be greater in one direction than in another. 

61. Direction of Pressure.— ^The same reason of symmetry shows us 
that, at each of their points of application, these pressures are normal 
or perpendicular to the surface ; fot if any reason were assigned for 



Fig. 46.-— TransmisBion of 
PreBBures. 
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their inclination in a certain direction, a similar reason could also 
be assigned for their inclination in any other direction. This im- 
* portant truth may also be inferred from observing that if at any 
point M in the side of a vessel (Fig. 47) the pressure PM was not 
normal, it could be decomposed into two : one, 

MN, along the normal to the surface, which 
would be destroyed by the resistance of the 
surface; the other, MA, along, the surface itself, 
which latter force would cause a sliding motion 
in the liquid molecule at M, which serves as 
the medium of transmitting the pressure. 

Experiment enables us, if not rigorously to 
demonstrate this principle, at least to show that the direction of 
transmitted pressure is sensibly normal, example, if a sphere 

is taken, pierced with several lioles, and con- 
taining a li([uid, which is compressed by 
means of. a piston in a tube communicating 
with the sphere, the liquid is seen to spout 
out in jets which take a curvilinear form 
under the action of gravity, but which at 
their origin appear perpendicular to the 
spherical surface. The effect is the more 
striking the greater the pressure exerted on 
the i)iston^ 

63. PascaPs Principle, or the Equal Trans- 
mission of Pressure in all Directions. — If we 
have a vessel A full of a liquid (Fig. 49), and 
if at a certain point P a certain pressure be 
exerted by means of a piston of the area of Fig. 48. 

a square inch, suppose, each square inch of 

the sides of the vessel will be subjected to an equal pressure. If 
then at any point an opening is made of the area of a square inch, 
and closed with a piston, it will be necessary, in order to prevent 
the piston from moving, to apply to it from outside a pressure equal 
to that which is directly applied to the piston P. A lamina of the 
same area placed in any direction, in the liquid will also be subjected 
to an equal pressure on each of its two faces. 

Hence it follows that if we suppose a pistdh of the area of two 
square inches closing a corresponding opening, since each of these 
two inche^ of area receives a pressure equal to that which acts upon 
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P, the whole piston will receive a double pressure ; whence we. see 
that in general the transmitted pressure should vary as the area of 
the surface pressed. 

This is the form in which Pascal enunciated the principle in his 

celebrated treatise on the hJquilibrium of 
Liquids, ^‘If a vessel full of water, closed 
on all sides, has two openings, the one a 
hundred times as large as the other, and 
if each be supplied with a piston which 
fits exactly, a man pushing the small 
piston will exert a force which will equili- 
brate that of a hundred men pushing the 
Fig. 49.-rMcarB Principle. piston 'v^^hich is a hundred times as large, 
and will overcome that of ninety-nine. 
And whatever may be the proportion of these openings, if the forces 
applied to the pistons are to each other as the openings, they will 
be in equilibrium.”^ 

In general, Jet P be the pressure exerted upon a liquid by the aid 
of a pistbn of superficial extent S, eacli unit of surface of this piston 



will be subjected to a pressure 


P 


and, as a consequence, on each 


unit of surface of the sides of the vessel a similar pressure will be 

produced. If then openings of areas S', S" are made at different 

points, and closed with pistons, we must, in order to prevent the 
pistons from moving, apply to them forces P', P" . . . . equal respec- 


lively to S' I S"|. 


. which gives the following equations: — 


jr'=s' 


P 

S’ 






8' S"' 


63. Pascal’s principle leads to a consequence which we may verify 
by experiment. If into a system of two tubes in communication 
with each other, and of unequal sectional area, we introduce a licjuid, 
it will stand at the same height in both branches. If theiji we place 
a piston on the liquid in the narrow tube, and subject it to a certain 
pressure P, this pressure will be transmitted to the liquid, which will 
be forced back into the large tub/) ; to hinder this motion we must 
place a piston in the large tube, and apply to it a force which has 
the same ratio to thd force P as the area of the larger piston’ to that 
of the smaller. If, for example, the former has an area 16 times 
that of the latter,' a pressure of 1 pound exerted at one of the 
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extremities of the liquid column will produce a pressure of 16 pounds 
at the other extremity. We thus see that a small force may be 
made to produce a very gT^aF^onaT ^TTIiis 

^tEe principle of the hydraulic press, a j^if. 
machine which we shall describe further on. 

We must remark, however, that if work 
is to bfe done, the one piston must displace 
the other; and it is very evident. that, on 
account of the difference of section, if the 
small piston moves tlmough a certain 
length, the large piston will move through 
one-sixteenth of that length; so that in 
this apparatus we have a direct verifica- 
tion of this general principle of mechanics, 

, , , T . • • 7 • /• * T j • Fig. 50. — Principle of the UydrtiuMo 

that what gatned %n force lost %n Preaa. 

velocity. 

This twofold observation has been clearly enunciated by Pascal, 
who expresses himself in the following manner at the end of the 
passage which we have already quoted: — ^‘Whence it appears that 
a vessel full of water is n new principle of mechanics, and a now 
machine for the multiplication of force to any required degree, since 
one man will by this means be able to raise any given weight. 

“ It is, besides, worthy of admiration that in this new machineil 
we find that constant rule which is met with in all the old ones,j 
such as the lever, wJieel and axle, screw, fee., which is that thei 
distance is increased in proportion to the force; for it is evident that 
as one of these openings is a hundred times as large as the other, 
if the man who pushes the small piston drives it forward one inch, 
ho will drive the large piston backward only one-hundredth part of 
that length.” 

If we endeavoured to perform the preceding experiment in order 
to demonstrate experimentally the principle of Pascal, we should 
arrive at 9nly an approximate verification ; for to obtain an accurate 
experiment it would be necessary that the pistons should fit their 
openings with great exactness, and this would involve.a large amount 
of friction. ^ 

The verification would be still more difficult if we endeavoured to 
perform the experiment described in § 62> for 'in this case, besides 
the cause of error which we have just mentioned, the phenomena 
would be complicated by the action of gravity, which of itself pro- 
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duces variable pressures on the different openings, according to their 
depth below the surface of the liquid.^ In fact, the principle of 
Pascal is an abstract principle, a kind of general synthesis of pheno- 
mena which cannot be made the subject of direct demonstration. 
It is by the constant agi’eement of its consequences with our observa- 
tion tliat the authority and legitimacy of the principle are estab- 
lished ; we shall see from all that follows how complete and invariable 
is that agreement. 

64. Fundamental Principle of Equilibrium in Heavy Liquids. Surfaces 
of Equal Pressure. — Pascais principle is a general consequence of the 
constitution of liquids, and is independent of the action of gravity. 
By introducing this latter force we arrive at special results, which 
we shall describe in succession. The most important, which may be 
considered as the fundamental rule in hydrostatics, consists in the 
fact that the different points in a horizontal layer of a heavy liquid 

are subject to the same pressure. Let us con- 

sider two points, A and B (Fig. 51), situated in 
the same. horizontal plane in a heavy liquid. 
If we suppose that A and B are the centres of 
two small plane surfaces which are vertical and 
parallel, we may consider these surfaces as the 
bases of a very narrow horizontal cylinder of 
liquid. As this cylinder is in separate equi- 
librium in the general mass, we may conclude 
that its bases A and B are subject to equal and contrary pressures 
in the direction of the arrows shown in the figure; for the re- 
maining pressures due to the surrounding liquid act in directions 
perpendicular to the axis of the cylinder, and thus cannot influence 
the equilibrium in the direction of the axis. The two elements A 
and B are therefore subject to the same pressure in one direction; 
but the pressure at a point is equal in all directions (§ 00) ; and as A 
and B are any points in the same horizontal layer, it follows that the 
pressures at all points in the same horizontal layer are equal. We 
may add, as a consequence of this, that the density is also the same 
at all points of a horizontal layer. On account of the slight com- 
pressibility of liquids, the variatioji of their density with the depth 

^ The pressures on the different pistons (supposed equal in area) would differ from each 
other by constant amounts, depending on their differences of level ; but, on account of this 
constancy, any increase of pressure on one piston would require an equal increase of 
pressure on every other in order to the maintenance of equilibrium. 



Fig. 51. 
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is scarcely sensible; but the above result is true for all heavy fluids, 
whether compressible or incompressible. 

In proceeding from one surface of equal pressure to another, the 
pressure increases or diminishes according as the depth increases or 
diminishes. Thus, for example, if we consider a small horizontal 
element m of a horizontal layer AB, and con- 
ceive the vertical cylinder mm' reaching to 
the Jiorizontal layer CDj it is quite clear that, 
independently of the pressure at m', which 
is transmitted undiminished to this latter 
element is subject to a pressure equal to the 
weight of the liquid contained in the cylinder 

If we call 8 the area of the element m, h 
the distance between the two horizontal layers, 
and d the weight of unit volume of the liquid, the volume of the 
cylinder is expressed by shy and its weight by slid. This last ex- 
pi*ession, therefore, represents the variation of pressure for an element 
of area 6*, when its depth below the surface varies by a quantity 
equal to A; and dividing by the areas. we see that lid is the ex-j 
]>ression for the difference of pressure per unit area, corresponding! 
to a difference of depth A. 

65. Free Surface. — It follows from the foregoing principles that 
tlie free surface of a lieavy liquid must be horizontal. We have 
already given an experimental demonstration of this important fact. 




Fig. 53. 



Fig. r> L 


It could also have been predicted from d 'priori considerations. Let 
CD (Fig. 53) be the free surface, and m, m' two small equal elements 
of surface, in. the horizontal layer AB, These two elements must be 
subject to equal pressures, which are evidently represented by the 
weights of the cylinders m7iy m'ri ; these cylinders must, therefore, 
have the same height, or the points n and n' must be in the same 
horizontal plane. 
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The same conclusion is arrived at by observing that if at any point 
whatever of the surface M (Fig. 64) the liquid did not assume a 
horizontal position, the weight of the liquid molecule at M could be 
decomposed into two forces, one perpendicular to and one along the 
surface of the liquid. The effect of the first would merely be to 
compress the liquid, and it would be destroyed by the reaction of 
the liquid; but the second would produce a displacement of the 
molecule. Equilibrium, therefore, can only exist on condition of the 
annihilation of this second component; that is, the surface must be 
horizontal at all points. 

This mode of reasoning shows us that, in general, when the liquid 
mass is subjected to the action of any number of 
-forces, it is necessary for equilibrium that the free 
surface be, at all points, perpendicular to the re- 
sultant of the acting forces. If, for instance, we 
place upon the whirling table a glass containing 
a liquid (Fig. 55), and give it a rotatory motion, 
we shall see the surface become Iiollowed, and 
assume a curvilinear form. In fact, each of the 
molecules is subjected simultaneously to the action 
of gravity and of centrifugal force; and it is^the 
resultant of these two forces which must be every- 
where perpendicular to the free surface. It is 
easily shown that this surface must be a para- 
boloid of revolution, so that the section repre- 
sented in the figure is a parabola. ^ 

66. Pressure upon the Bottom of Vessels. — If we 
Fig. consider a heavy li(j[uid placed in a vessel the 

bottom of which is formed by a plane horizontal 
surface^ it is easy to determine tlie pressure exerted by the liquid 
upon this plane. Let ABMN (Fig. 56) be a vessel filled with 
liquid to the level MN, and m an element of surface on the bottom 
AB. On m suppose a small vertical cylinder to stand, meeting 
the hoi’izontal layer LL' in m'. On the element n, equal to m, 
and in the horizontal layer LL', suppose a vertical cylinder to 
stand, cutting the horizontal layer HR' in n'. Suppose another 
similar vertical cylinder on r, an element equal to m, and let this 
cylinder meet SS' im /; it is evident that, by continuing this con- 
struction, we shall finally arrive, whatever be the shape of the vessel, 
at a cylinder SS', which will extend upwards to the free surface 
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MN. Now, the element m is subject to a pressure greater than tliat 
at m! by a quantity equal to the weight of the cylinder mm'. Sirni- 
rally m' is subject to a pressure which 
is equal to that at n, and greater than 
that at oi' by a quantity equal to the 
weight of the cylinder mt ' whence 
it is evident, by pursuing this reason- 
ing, that the element m supports a 
pressure equal to the sum of the 
weights of the cylinders nn, 

rr\ that is, to the weight of a 
cylinder of liquid standing on the 
base m, and extending vertically 
upwards to the free surface. As all 
points in the bottom AB are subject to 
the same pressure, it follows that the entire pressure on the bottom 
of the vessel is equal to the weight of a liquid column wl^ose base 
is the bottom of the vessel, and height the vertical distance between 
the bottom and the free surface, or what is called the height of the 
liquid in the jessel.^ 

Let B be the area of the bottom of the vessel, H tjie height of 
the liquid, and D its weight per unit volume, then the pressure is 
expressed by the formula BHD. 

If, for instance, in a vessel whose bottom is two square decimetres 
in area, there is a column of mercury of the height of 5^ decimetres, 
the volume of this column, which measures the pressure, is 2x5| 
= 11 cubic decimetres, and its weight‘d is 11 x 13’59=11 j 9*4)9 kilo- 
grammes. 

67. Experiment of Pascal’s Vases. — The preceding proposition shows 
that the pressure on the bottom of a vessel depends only upon the 
area of the bottom and the height of the liquid, the form of the 
vessel being quite immaterial. In order to verify this fact, Pascal 
contrive^ an experiment which, with some modifications, is now 
commonly introduced in courses of physics. The apparatus employed 
is a tripod (Fig. 57) supporting a ring, into which can successively 



Fig. 56 . — Pressure mi tho Bottom of 
Vesisols. 


^ III these remarks we neglect the atmospheric pressure which is exerted upon the free 
surface and transmitted to the bottom of the vessel. • 

® This example illustrates the convenience of the metrical system, Tho weight of a imbic 
decim. of water is 1 kilo., and tho sp. gr. of mercury is 13*59 ; hence the weight of a cubic 
decim. of mercury is 13*59 kilos. 


7 
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be screwed three vessels of different shapes, one widened upwards, 
another cylindrical, and the third tapering upwards. At the lower 
part of the ring is a disc, supported by a thread fixed to one of the 
scales of a balance. Weights placed in the other scale keep the 
disc pressed against the ring with a certain force. Let the cylin- 
drical vase be placed upon the tripod, and filled with water until the 





B'ig. 67.— Experiment of I^scal'e Vases. 

pressure exerted on the disc detaches it from the ring. An indicator 
marks the level of the liquid when this takes place. Let the experi- 
ment be repeated with the two other vases, and the disc will be 
detached when the water has reached the same height; showing 
plainly that the pressure on the bottom of a vessel is independent of 
the shape of the vessel. 

But we may go further ; for in the case of the cylindrical vessel 
it is evident that the pressure on the bottom is equal to the weight 
of tlic contained liquid. Now this weight is necessarily equal to 
that which counterpoised it in the other scale of the balance; hence 
in all three crises the pressure on the bottom of the vessel is equal to 
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tliQ weight of a liquid column with the bottom as base and of the 
same? height as the liquid in the vessel. 

68. Upward Pressure. — The pressure exerted at any point of a liquid 
mass being the same in all directions, a horizontal surface facing 
downwards should be subjected to 
an upward pressure equal to the 
downward pressure which would 
be exerted if the liquid.were acting 
in the other direction. Suppose 
we take a tube open at both ends t 

(Fig. 58), and apply to the lower ; | 

end a flat cover. If we })lunge the 
tube into a liquid, the li(piid will 

press up the cover against the bot- V ' J 



tom of the tube with a force which 
increases as the tube is plunged 
deeper in the liquid. If we then 
pour liquid into the tube, this will 
produce a downward pressure upon 
tlie cover, and when the level of 
the liquid is the same inside the 
tube as outside the cover will be 



1’%. r)8. — Upward Urbssure. 


detached, the upward pressure being destroyed by the pressure 
exerted by the liquid inside the tube in the contrary direction. 

69. Total Pressure. Resultant Pressure on Vessel. Hydrostatic Paradox. 
— Wlien a vessel of any shape is filled with a liquid, normal pres- 
sunes are exerted against all points of its sides, increasing with tlie 
depth, and equal in each case to the pressure 
in the corresponding horizontal layer of the 
liquid. We may suppose a summation of all 
the pressures thus exerted upon the different 
superficial elements of the sides; this gives 
what is ^called the toioX pressure exerted by 
tlie liquid (see § 72). 

This total pressure milst not be confounded 
with the resultant pressure which is trans- 
mitted to the stand on which the vessel rests. 

In fact we see that, of the elements of pre»- Fig. 69.-Totai PrcBstire. 

sure, some are transmitted entire to the stand ; 

these are the vertical pressures exerted upon the bottom AB ; others, 
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those for instance at n and n\ are only transmitted in part, because 
their direction is oblique ; the horizontal pressures at r and / are 
evidently without influence ; and the pressures exerted at 8 and s' 
tend to raise the vessel. It is by the combination and composition 
of these pressures of different intensity and direction that the re- 
sultant pressure upon the stand on which the vessel rests is obtained. 

Hydrostatic Para dox , — It has been thought paradoxical that 
vessels whose To’EFoins were subjected to equal pressures did not 
transmit equal pressures to the stand on which they were placed. 
In reality, nothing is less paradoxical; the pressure on the bottom 
of the vessel is only one of the elements which combine to })roduce 
the resultant pressure transmitted to the stand. 

70. Composition of Pressures. — It may be regarded as quite evident 
that this latter pressure is in all cases equal to the weiglit of the 
liquid ; which amounts to saying that if we place a vessel containing 
li(iuid in one scale of a balance, we must, in order to equilibrate it, 
place in the other scale weights equal to the sum of the weights of 
the liquid and the vessel. This result is also easily shown from 
d priori considerations in some simple cases. 

Thus in the case of a cylindrical vessel ABDC (Fig. GO) it is evi- 
— ^ — — ^ dent that the only pressure 


^ o — r f ^ i transmitted to the stand is 

! I that exerted upon the bot- 

I '' I j I tom, which is equal to the 

^ ® u|: ^ weight of the liquid. In the 

: _ " case of the vessel which is 

— J L=^.._ J t wider at the top, the stand 

^ ^ ^ ^ jg subjected to the w'eight 

Fig, 60 . -Hydrostatic raradoi. r. t -i i * -ooTr 

of the liquid column ABSK, 
which presses on the bottom AB, together with the columns GHKC, 
ELDS, pressing on GH and EL; tlmsum of which weights composes 
the total weight of liquid contained in the vessel. Finally, in the 
third, case, the pressure on the bottom AB, which is equal to the 
weight of a liquid column ABSK, must be diminished by tlie pres- 
sures in the opposite direction on HG and EL. These last being 
represented by liquid columns HGCK, ELSD, there is only left to be 
transmitted to the stand a jiressure equal to the weight of the water 
in the vessel. By the application of the ordinary rules for the com- 
position of forces, it can easily be shown that this result is perfectly 
general. Here, then, we have Pascal's principle leading to a conclu- 


Fig, 60 . — Hydrostatic Taradox. 
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sion which is obviously true, and wliich therefore furnishes a con- 


firmation of the principle itself 
71. Motion produced by the Flowing 
of a Liquid. — The demonstration to 
which we have just referred amounts 
to showing, by the analysis of the dif- 
ferent pressures, that the horizontal 
components of these pressures Equili- 
brate each other, and that the vertical 
components are equivalent to a single 
force equal to the weight of the liquid. 
The evidence of experiment is as strong r 
for the first part of this proposition i 
as for the second. If we place a vessel ? 



(Fig. 61) in such a position as to be Fig. ei- .nackward Movemoot of 
very susceptible of motion in a hori- Discharging vessoi. 


zontal direction, whether by suspending it by a thread, or by floating 


it in water, and under these circumstances fill it with liquid, however 


great may be the 
mobility of the ap- 
paratus, not the 
slightest displace- 
ment is observed. 
This proves that 
thehorizontal com- 
ponents of pres- 
sure equilibrate 
one another. This 
equilibrium is ef- 
lected through the 
medium of the ves- 
sel ; but if we sup- 
])Ose an^ opening, 
made at any point 
of the vessel, the 
liquid will run out, 
and the pressure 
exerted at the 



Cl r^r. Kill. 

Fig. C2. — Hydraulic Trourniquet. 


point diametrical- 
ly opposite will propel the vessel in the opposite direction to that in 
which tlfe liquid is escaping. • 
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This observation explains the motion of the apparatus called the 
hydraulic tourniquet. It consists (Fig. 62) of a vessel capable of 
rotation about a vertical axis, having, at its lower extremity a tube, 
the two portions of which are bent in opposite directions, and left 
open at the ends to allow the liquid to escape. The reaction at the 
points opposite to the openings causes the rotatory motion of the 
apparatus. 

When the velocity of eflSux is sufficiently great, the motion can 
be employed for practical purposes, and hydraulic engines based 
on this principle have frequently been proposed and tried; Barker’s 
mill is one of the best known. 


72. Centre of Pressure. — When we consider the particular case of 
the pressure exerted by a liquid upon a qiilane surface, the different 
elements of pressure being all parallel, it may be required to deter- 
mine the point of application of the resultant pressure. This point 
is called the centre of pressure. The centre of pressure does not 
coincide with the centre of gi'avity; it is always situated below 
this^ latter, since the elementary forces which must be combined in 
order to ‘"obtain it, instead of being uniformly distributed over tlie 
surface, increase with the depth. 

The investigation of the centre of pressure constitutes a separate 
chapter of mathematical physics, and we shall not enter upon it here; 
we shall simply examine a particular case, fitted to give accurate 
ideas with regard to this point. 

Let a rectangular surface RB be immersed in a liquid, which extends 
. as far as R; we may suppose it, for in- 

y stance, a flood-gate or the side of a dam 

j / } for holding water. The pressure goes on 

/ I 111" — increasing from the point R, where it is 
/ — .L--: . : point B, where it attains its 

j maximum value; it has the same value 

1 1 \ ' for all points in the same horizontal line, 

Fig. 03 .-.CentieotPre»u«. is ppoportional to the 

distance from the surface of the water. 
If, then, at the point B we draw a perpendicular B6 equal to RB, 
and join R?>, the different parallel |ines Dd, H/i, L^, in the triangle 
RB6 will be proportional to the pressures at the points D, H, L. The 
composition of these pressures, then, amounts to finding the centre of 
gravity of the triangle R6 B ; but the height of this from the base is 
one- third of the height of the triangle ; the centre of pressure thus 
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lies at one-third of the height RB. It is further evident by symmetry 
that it will lie on the line joining the middle points of the upper 
and lower sides of the rectangle. 

As for the total pressure on RB, it may be obtained in the special 
case under consideration by observing, that since the pressure in- 
creases uniformly from R to B, its average intensity is equal to the 
})ressure at the middle point. Tlie total pressure is therefore the same 
in amount (though not in distribution) as if the surface were pressed 
at all points by a body of water of half the height of RB. 

Suppose the height of RB = 3 metres, and its breadth = 5 metres, 
the total pressure will be equal to the weight of 5 x 15=7'5 cubic 
metres of water, that is, to 7500 kilos., and will have for its resultant 
a single force of this amount applied not at the centre of gravit}^, 
but at the centre of pressure. 

We may remark that the middle point of the height of the rectangle 
exactly corresponds to the centre of gravity of the figure, and it ma}^ 
be demonstrated in general that the total pressure on any surface\ 
whether plane or curved, is equal to the tveight of a liquid column 
having that surface for base, and for height the distance ofjthe ci^ntre 
of gravity from the surface of the water. 
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73. Pressure of Liquids on Bodies immersed. — ;When a body is immersed 
in a liquid, the different points of its surface are subjected to pres- 
sures which obey the rules laid down in the preceding chapter. 
As these pressures increase with the depth, it is evident that those 
which tend to raise the body overcome those which tend to sink it, 
so that the resultant effect is a force in the direction opposite to that 
of gravity.* 

By means of an analysis, similar to that in § 70, it may be shown 
that this resultant upward force is exactly equal to the weight of the 
li^id displaced by the body. 

fchis conclusion can very readily be verified in some simple cases : 
suppose, for example (Fig. 64), a right cylinder plunged vertically in 
a liquid, and let us examine the effect of the different pressures exerted 
by the licpid upon its surface. It is evident, in the first place, that 
if we consider any point on the sides of the cylinder, the normal and 
horizontal pressure on that point is destroyed by the equal and 
contrary pressure at the point diametrically opposite; and, as the 
same is the case for all similar points, we see that the horizontal 
pressures destroy each other. As regards the vertical pressures on 
the ends, one of them, that on the upper end AB, is in a downward 
direction, and equal to the weight of the liquid column ABNN ; 
the other, that on the lower end CD, is in an upward direction, and 
equal to tlie weight of the liquid column CNND; this latter pressure 
exceeds the former by the weight of the liquid cylinder ABCD, so 
that the resultant effect of the pressure is to raise the body with a 
force equal to the weight of the liquid displaced. 

By a synthetic process of reasoning, we may, without having 
recourse to the analysis of the different pressures, show that this 
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conclusion is perfectly general Suppose we have a liquid mass in 
equilibrium, and that we consider specially the portion M (Fig. G5) ; 
this portion is likewise in equilibrium. If we suppose it to become 
solid, without any change in its weight or volume, equilibrium will 



Fig. 64, Principle of Arcliimedes. Fig. 65. 


still subsist. Now this is a heavy mass, and as it does not fall, we 
must conclude that the effect of the pressures on its surface is to 
produce a resultant upward pressure exactly equal to its weight, 
and acting in a line which passes through its centre of gravity. 
If we now suppose M replaced by a body exactly occupying its place, 
the exterior pressures remaining the same their resultant effect will 
also be the same. 

The name centre of buoyancy, or centre of displacement, is given 
to the centre of gravity of the liquid displaced by a body immersed, 
and we see that we may always suppose that it is in this point that 
the upward pressure of the liquid is applied. The results of the 
above explanations may thus be included in the following proposi- 
tion : Every body immersed in a liquid is subjected to an upward 
vertical pressure equal to the weight of the liquid displaced, and 
applied at the centre of displacement 

This proposition constitutes the celebrated principle of Archimedes. 
It is often enunciated in the following form: Every body immersed 
in a liquid loses a portion of its weight equal to the weight of the 
liquid displaced. This enunciation, though perhaps less correct 
than the former, is fundamentally identical with it ; for if we weigh 
a body immersed in a liquid, the weight will evidently be diminished 
by a quantity equal to the upward pressure. 

74. Experimental Demonstration of the Principle of Archimedes. — The 
following experimental demonstration of the principle of Archimedes 
is commonly exhibited in courses of physics : — • 

From one of the scales of a hydrostatic balance is suspended a 
hollow cylinder of copper, and below this a solid cylinder, whose 
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volume is equal to the interior volume of the hollow cylinder; th.ese 
are balanced by weights in the other scale. A vessel of water is 
then placed below the cylinders, in such a position that the lower 
cylinder shall be immersed in it. The equilibrium is immediately 
destroyed, and the upward pressure of the water causes the scale 
with the weights to descend. If we now pour water into the hollow 
cylinder, equilibrium will gradually be re-established ; and the beam 



Fig. 66.— Ex})entnental Verification of Princijile of Archimedes. 


will be observed to resume its horizontal position when the hollow 
cylinder is full of water, the other cylinder being at the same time 
completely immersed. The upward pressure upon this latter is thus 
equal to the weight of the water a^ded, that is, to the weight of the 
liquid displaced. 

75. Body immersed in a Liquid. — It follows from the principle of 
Archimedes that when a body is immersed in a liquid, it is subjected 
to two forces: one equal to its weight and applied at its centre of. 
gravity, tending to make the body descend ; the other equal to the 
weight of the displaced liquid, applied at the centre of buoyancy, and 
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tendinff to make it rise. There are thus three difierent cases to be 

o 

considered : 

(1.) The weight of the body may exceed the weight of tlie liquid 
displaced, or, in other words, the mean density of the body may be 
greater than that of the liquid; in this case, the body sinks in 
the liquid, as, for instance, a piece of lead dropped into water. 

(2.) The weight of the body may be less than that of the lic^uid 
displaced; in this case the body rises partly out of the liquid, until 
the weight of the liquid displaced is equal to its own weight. This 
is what happens, for instance, if we immerse a piece of cork in water 
and leave it to itself. 

(3.) The weight of the body may be equal to the weight of the 
liquid displaced; in this case, the two opposite forces being equal, 
the body takes a suitable position (§ 77) and remains in ecpiilibrium. 

These three cases are exemplified in the tliree following experi- 
ments (Fig. 67) : — 



Fig. 67. — Egg Pltiuged in Fresh and Balt Water. 


(1.) An egg is placed in a vessel of water; it sinks to the bottom 
of the ve^^sel, its mean density being a little gi*eater than that of the 
liquid. 

(2.) Instead of fresh water, salt water is employed ; the egg floats 
at the surface of the liquid, which is a little denser than it. 

(3.) Fresh water is carefully poured on the salt water ; a mixture 
of the two liquids takes place where they are Tin contact ; and if tlie 
egg is put in the upper part, it will be seen to descend, and, after a 
few oscillations, remain at rest in a layer of liquid of which it dis- 
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places a volume whose weight is equal to its own. We may remark 
that, in this position the egg is in stable equilibrium ; for, if it rises, 
the upward pressure diminishing, its weight tends to make it descend 
again ; if, on the contrary, it sinks, the pressure increases and tends 
to make it reascend. 

76. Cartesian Diver. — The experiment of the Cartesian diver, which 
is described in old treatises on physics, shows each of the different 
cases that can present themselves when a body is immersed. The 
diver (Fig. 68) consists of a hollow ball, at the bottom of which is a 

small opening 0; a 
little porcelain figure 
is attached to the ball, 
and the whole floats 
upon water contained 
in a glass vessel, the 
^ mouth of which is 
T " closed by a sti*ip of 
: 1 caoutchouc or a blad- 

der. If we press with 
1^* _ the hand on the blad- 

'S- -- der, the air is com- 
pressed; and the pres- 
sure, transmitted 
through the different 
horizontal layers, 
condenses the air in 
the ball, and causes 
the entrance of a por- 
tion of the liquid by 
the opening 0; the 
floating body be- 
comes heavier, and in 
consequence of this increase of weight the diver descends. When 
we cease to press upon the bladder, the pressure becomes what it was 
before, some water flows out and the diver ascends. It must be 
observed, however, that as the diver continues to descend more and 
more water enters the ball, in consequence of the increase of pressure, 
so that if the depth of the water exceeded a certain limit, the diver 
would not be able to rise again from the bottom. 

If we suppose that at a certain moment the weight of the diver 



FJg. C8. — Cartesian Diver. 
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becpmes exactly equal to the weight of an equal volume of the liquid, 
thercy will be equilibrium ; but, unlike the equilibrium in the experi- 
ment in § 75, this will evidently be umtable, for a slight movement 
either upwards or downwards will alter the resultant force so as to 
produce further movement in the same direction. 

77. Relative Positions of the Centre of Gravity and Centre of Buoyancy. 
— In order that a floating body, wholly or partially immersed in a 
liquid, may be in equilibrium^ it is evidently necessary that its 
weight be equal to the weight of the liquid displaced. 

This condition, which is absolutely necessary, is, however, not 
sufficient; we require, in addition, that the action of the upward 
pressure should be exactly opposite to that of the weight; that is, 
that the centre of gravity and the centre of buoyancy be in the same 
vertical line ; for if this were not the case, the two contrary forces 
would compose a couple, the effect of which would evidently be to 
cause the body to turn. 

In the case of a body completely immersed, it is further necessary 
for stable equilibrium that the centre of gravity should he below the 
centre of buoyancy ; in fact we see, by Fig. 09, that in a«y other 
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Fig. 60. Fig. 70. 

Relative Fositions of Centre of Gravity and Centre of Pressure. 


position tlian that of equilibrium, the effect of the two forces applied 
at the two points G and 0 would be to turn the body, so as to bring 
the centre of gravity lower. But this is not the case when the body 
is only partially immersed, as most frequently happens. In this case 
it may indeed happen that, with stable equilibrium, the centre of 
gravity is below the centre of pressure ; but this is not necessary, 
and in the majority of instances is not the case. Let Fig. 70 represent 
the lower part of a floating body — a boat, for instance. The centre 
of pressure is at 0, the centre of gravity at G, considerably above; 
if the body is displaced, and takes the position shown in the figure, 
it will be seen that the effect of the two forces acting at O and at G 
is to restore the body to its former position. This difference from 
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what takes place when the body is completely immersed, depends 
upon the fact that, in the case of the floating body, the figure of the 
liquid displaced changes with the motions of the hody, and the 
centre of buoyancy moves towards the side on whicli tlie body is 
more deeply immersed. It will depend upon the form of the body 
whether this lateral movement of the centre of buoyancy is sufficient 
to carry it beyond the vertical through the centre of gravity. The 
two equal forces which act on the body will evidently turn it to or 
from the original position of equilibrium, according as the new centre 
of buoyancy lies beyond or fiills short of this vertical.^ 

78. Advantage of Lowering the Centre of Gravity. — Although stable 
equilibrium may subsist with the centre of gravity above the centre 
of buoyancy, yet for a body of given form the stability is always 
increased by lowering the centre of gravity; as we thus lengthen 
the arm of the couple which tends to right the body when displaced. 
It is on this principle that the use of ballast depends. 

79. Phenomena in apparent Contradiction to the Principle of Archi- 
medes. — A body cannot float in a 
liquid unless it have a density less 
than that of the liquid. Tljis natu- 
ral consequence of the principle of 
Archimedes seems at first sight to 
be contradicted by some well- 
known facts. Thus, for instance, 
if small needles are placed care- 
fully on the surface of water, they 
will remain there in equilibrium 
(Fig, 71). It is on a similar prin- 
ciple that several insects walk on 

water (Fig. 72), that a great number of bodies of various natures, 
provided they be very miwate, can, if we may so say, be placed on 
"the surface of a liquid without penetrating into its interior. These 
curious facts depend on the circumstance that the small bodies in 

^ If a vertical through the new centre of buoyancy be drawn upwards to meet tliat lino 
in the body which in the position of equilibrium was a vertical tlirough the centre of 
gravity, the point of intersection is called the petaceiitre. Evidently when the forces tend 
to restore the body to the position of equilibrium, the metacentre is above the centre of 
gravity ; wdien they tend to increase the displacement, it is below. In ships the distance 
between these two points is usually nearly the same for all amounts of heeling, and this 
distance is a measure of the stability of the ship. 

We have defined the metacentre as the intersection of two lines. When these lines lie 



Fig 71.-- Sloel Needles Floating on 
Water. 




LIQUIDS IN SUPERPOSITION. Ill 

question are not wetted by the liquid, and hence, in virtue of prin- 
ciples whicli will be explained in connection with capillarity (Chap. 
xL), depressions are formed around 
them on the liquid surface, as re- 
presented in Fig. 73. The curva- 
ture of the liquid surface in the 
neighbourhood of the body is very 
distinctly shown by observing the 
sliadow cast by the floating body, 

when it is illumined by the sun; it is seen to bo bordered by lumi- 
nous bands, which are owing to the refraction of the rays of liglit in 
the portion of the liquid bounded by a curvilinear surface. 

TJie existence of the depression about tl)c floating body enables us 
t6 bring the condition of equilibrium in this special case under the 
general enunciation of the principle of Archimedes. 

Let M be a section of the body, CD tlie distance 
to which the depression extends, and AB the cor- 
responding portion of any horizontal layer; since 
the pressure at each of the points of AB must be 
the same as in the other parts of the layer, the 
liquid acts in. exactly the same way as if M did not exist, and the 
cavity were iillcd by the liquid itself. 

We may thus say in this case also that the weight of the floating 
body is equal to tlie weiglit of the liquid d!-^]dace(l, undei’standing 
by these words the liquid which would occupy the wliole extent ot 
the depression due to the presence of the body. ** 

80. Liquids in Superposition. — When liquids of different densities, 
which do not readily mix, arc jdaced in the same vessel, the particles 
of the denser liquids unite and fall to the bottom, just as a solid body 
sinks in a liquid of less density; finally, the liquids arrange them- 
selves in the order of their respective densities, the surfaces of separa- 
tion being horizontal. This fact is verified by means of the phial 
called the 'phial of the four elements. It is a flask (Fig. 71) contain- 
ing mercury, water, and oil. In the state of equilibrium the mercury 
is at the bottom, the oil at the top, and the water in the middle; if the 

in different planes, and do not intersect e%3h othpr, there is no metacentre. This indeed 
is the case for most of the displacements to which a floating bod;j^ of irregular shape can btj 
subjected. There are in general only two directions of heeling to w’hich mctacentrcs cor- 
respond, and these two directions are at right angles to each other. For an investigation 
of the conditions of stability in floating bodies, see Thomson and Tait’s Natural Philosophyf 
§§ 763 - 768 . 
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flask is shaken, the liquids are for the moment mixed, but in return- 
ing to repose do not fail to resume their former positions. 

It is easily seen from the ordinary rules 
of hydrostatics, that the surface of sepa- 
ration of two different liquids must be 
Iiorizontal. Let there be two liquids in 
a vessel (Fig. 75) ; the free surface is 
necessarily horizontal. If now we take 
two equal superficial elements n and n' 
in a horizontal layer of the lower liquid, 
they must be subjected to equal 2 )ressures; 
these pressures are measured by the 
weights of the liquid cylinders 7irs n'tl ; 
and these latter cannot be equal unless 
there be the same height of the lower 
liquid above the elements n and n\ This 
reasoning holds for all points in the hori- 
>ntal layer, which must therefore be at 
a constant distanef' from the surface of separation ; in other words, 
this surface must be hor' m 

This property is liable to considerable modification in the case of 
liquids whicli can dissolve each other or 
act chemically upon each other. Thus, if 
alcohol be carefully j:)oured upon water in 
a glass, the two liquids will be seen to have 
for i/iicir surfoce of junction a horizontal 
jdane; ..ut on agitation a single liquid will 
be formed by their mutual action, and the 
sei)aration will not again take place. 

If the agitation is not sufficiently great, this intimate mixture will 
01 ] ly partially ensue, and will be confined to the neighbourhood of the 
^surface of contact. Two uniform layers of liquid will thus be formed, 
sejiaratcd by an intermediate zone of unequal density. This is the 
case at the mouth of a river, where the fresh water forms on the 
surface of the sea a layer, the base of which is a compound of fresh 
and salt water. 




Fi«. 74. 

riiial of the Four Elemeiitg. 



CHAPTEE X. 


APPLICATION OF THE PRINCIPLE OP ARCHIMEDES TO THE 
DETERMINATION OF DENSITIES. — HYDROMETERS. 


81. Determination of Densities. — ^We have seen in Chap. vii. that 
in order to determine the density of a body it is only necessary to 
measure the ratio existing between the weight of a certain volume 
of the body and the weight of an equal volume of water. The 
principle of Archimedes enables us to effect this measurement very 
easily, and the process which it suggests is sometimes more con- 
venient than that which has been described in the chapter mentioned 
above. 

(1.) Solid bodies . — Suppose that the object whose density we wish 
to determine is a piece of copjier. It is suspended by a very fine 
thread to one of the scales of a balance (Fig. 7G), its weight is deter- 
mined, and found to be, say 125'35e*’- The body is then immersed 
in water; the equilibrium is destroyed on account of the upward 
pressuie of the water, and in order to re-establish it, we must add 
a weight of I t to the scale supporting the body. This addi- 
tional weight, according to the princijde of Archimedes, represeiits 
the weight of a volume of water equal to the volume of the body. 


The density of copper is thus -^^=8*8. 


(2.) Liquid bodies . — From one of the scales of the balance is sus- 
pended (Fig. 77) any body whatever, which must> however, not be 
capable of being attacked by the liquids in which it is to be im- 
mersed ; a ball of glass weighted inside with mercury is very well 
adapted to this purpose. The eifact weight of this is obtained ; it is 
then immersed in the liquid whose density is sought — alcohol, for 
example ; an upward pressure is thus produced, and in order to re- 
establish equilibrium, a weight of 35*4?38'’^- must be added to the scale. 
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The experiment is repeated by immersing the ball in water, in which 
case the upward pressure is stronger, and a weight of 44*28»^* is 



rig. 76. — specific Gravity of 
Solids. 


Fig. 77. — Sl>e(;ific Gravity of 
Liquids. 


necessary to re-establish equilibrium. The weights 44'28^» and 
35*43‘5*'- are the weights of equal volumes of water and alcohol; the 

density of the latter liquid is therefore — 0 8. 

44 * 2^8 

82. Hydrometers. — The name hydrometer is given to a class of 
instruments used for determining the densities of liquids by obseiw- 
ing either the dej)ths to which they sink in the liquids or the 
weights required to be attache'd to them to make them sink to a 
given depth. According as they are to be used in the latter or the 
former of these two ways, they are„ called hydrometers of constant 
or of variable immersion. The name areometer (from apaibc, rare) is 
used as synonymous with hydrometer, being probably borrowed 
from the French name of these instruments, ardomUre, The 
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hydrometers of constant immersion most generally known are those 
of Nicholson and Fahrenheit. 

83. Nicholson’s Hydrometer. — This instrument, which is repre- 
sented in Fig. 78, consists of a hollow cylinder of metal with conical 
ends, terminated above by a very thin rod bearing a small dish, and 



Fig. 78. — Nioholson’B llydioniotor. 


carrying at its lower end a kind of basket. This latter is of such 
weight that when the instrument is immersed in water a weight of 
1000 grains must be placed in the dish above in order to sink the 
apparatus as far as a certain mark on the rod. By the principle of 
Archimedes the weight of the instrument, together with the 1000 
grains which it carries, is equal to the weight of the water disjdaced. 
Now, let the instrument be placed in another licj^uid, and the weights 
in the dish above be altered until they are just sufficient to make 
the instrument sink to the mark- on the rod. If the weights in the 
dish be called w, and the weight of the instrument itself W, the 
weight of liquid displaced is now W+w, whereas the weight of the 
same volume of water was W + fOOO ; hence the specific gravity of 
W+iv 

the liquid is jQQjj 

This instrument can also be used either for weighing small solid 
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bodies or for finding their specific gravities. To find the weight of 
a body (which we shall suppose to weigh less than 1000 grains), it 
must be placed in the dish at the top, together with weights just 
sufficient to make the instrument sink in water as far as the mark. 
Obviously these weights are the difference between the weight of 
the body and 1000 grains. 

To find the specific gravity of a solid, we first ascertain its weight 
by the method just described ; we then transfer it from the disli above 
to the basket below, so that it shall be under water during the ob- 
servation, and observe what additional weights must now be placed 
in the dish. These additional weights represent the weight of the 
water displaced by the solid ; and the weight of the solid itself divided 
by this weight is the specific gravity required. 



Fig. 79.— -Fahrenheit's Hydrometer. 


Fig. 80.-— Forms of Hydrometers. 


84. Fahrenheit’s Hydrometer. — ^This instrument, which "is repre- 
sented in Fig. 79, is generally constructed of glass, and differs from 
Nicholson’s in having at its lower extremity a ball weighted with 
mercury instead of th6 basket. If resembles it in having a dish at 
the top, in which v'-eights are to be placed sufficient to sink the 
instrument to a definite mark on the stem. 

85. Hydrometers of Variable Immersion. — These instruments are usu- 
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ally of the forms represented at A, B, C, Fig. 80. The lower end is 
weighted with mercury in order to make the instrument sink to a 
convenient depth and preserve an upright position. The stem is 
cylindrical, and is graduated, the divisions being frequently marked 
uponja piece of paper inclosed within the stem, which must in this 
case be of glass. It is evident that the instrument will sink the 
deeper the less is the specific gravity of the liquid, since the weight 
of the liquid displaced must b5 equal to that of the instrument. 
Hence if any uniform system of graduation be adopted, so that all 
the instruments give the same readings in liquids of the same den- 
sities, the density of a liquid can be obtained by a mere immersion 
of the hydrometer — an operation not indeed very precise, but very 
easy of execution. These instruments have thus come into general 
use for commercial purposes. 

86. General Theory of Hydrometers of Variable Immersion. — Let V bo 
the volume of a hydrometer which is immersed when the instrument 
floats freely in a liquid whose density (that is, weight per unit 
volume) is d, then V(Z represents the weight of liquid displaced, 
which by the principle of Archimedes is the same as the 'v^eight of 
the hydrometer itself. If V', d* be the , corresponding values for 
another liquid, we have therefore 

Yd=Y'd\ ord :d ' :: V' : V, 

that is, the density varies inversely as the volume immersed. Let 
c^i, d 2 f da... be a series of densities in diminishing order, and Vi, V 2 , 
V 3 ...the corresponding volumes immersed, which will be in ascend- 
ing order ; then we have 

di, di, prf>I>ortional to ~ 

'' i> V2, V3 

and Vi, V2, V3... proportional to ^ A 

Hence, if we wish the divisions to indicate equal differences of den- 
sity, we must place them so that the corresponding volumes im- 
mersed farm a liarmonical progression. This implies that the di- 
visions must approach nearer together for increasing densities. This 
is of course on the assumption that the stem is of equal sectional area 
in all parts as far as the division^ extend. 

The following investigation shows how the density of a liquid 
may be computed from observations made witli a hydrometer gradu- 
ated with equal divisions. It is necessary first to know the divisions 
to which the instrument sinks in two liquids of known density. Let 
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these divisions be numbered tii, reckoning from the top down- 
wards, and let the corresponding densities be d\, Now if we 
take for our unit of volume one of the equal parts on the stem, 
and if we take c to denote the volume which is immersed when the 
instrument sinks to the division marked zero, it is obvious that when 
the instrument sinks to the t 2 .th division (reckoned downwards on 
the stem from zero) the volume immersed is c - 71 , and if the corre- 
sponding density be called d, then (c ~7i) d is the weight of the hydro- 
meter. We have therefore 

(c - Wi ) = (c - Wa) da, whence c = • 

This value of c can be computed once for all. 

Then the density T> corresponding to any other division N can be 
found from the equation 


(c 


- N) D = (c - Wi) di which gives 




87. 


if di , which we may suppose to be the density of water, be called 
unity. ‘ 

Beaum6*8 Hydrometers. — In these instruments the divisions 
are equidistant. There are two distinct modes of gradua- 
tion, according as the instrument is to be used for deter- 
mining densities greater or less than that of water. In 
the former case the instrument is called a sali meter, and 
is so constructed that when immersed in pure water of the 
temperature 12° Cent, it sinks nearly to the top of the 
stem, and the point thus determined is tlue zero of the 
scale. It is then immersed in a solutiem of 15 parts of 
salt to 85 of water, the density of which is about 1*116, 
and the point to which it vsinks is marked 15. The inter- 
val is divided into 15 equal parts, and the graduation is 
continued to the bottom of the stem, the length of which 
BoauimVs kiii- vaiics according to circumstances ; it generally terminates 
at the degree 66, which corresponds to sulphuric acid, 
whose density is commonly the greatest that it is required to deter- 
mine. Referring- to the formulae of last section, we have here 


»1~0, »2 = 15, (£2=1*116; 


15x1-116 

*116 


= 144, D = 


144 

144 


whence 
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Fig. 82. Fig. 8:t. 
Boaiuml’s AJcoholi- 
rneters. 


Whien the instrument is intended for liquids, lighter than water, it 
is called an alcoholimeter. In this case the point to which it sinks 
in water is near the bottom of the stem, and is marked 
10 ; the zero of the scale is the point to which it sinks 
in a solution of 10 parts of salt to 90 of water, tlie 
density of which is about 1 *085, the divisions in this 
case being numbered upward from zero. 

In order to adapt the formuhe of last section to the 
case of graduations numbered upwards, it is merely 
necessary to reverse the signs of niy and N; that 
is we must put 

’ c + N’ 

and as we have now tii=10, cZi=I, t?. 2 == 0 , c72=l‘085 
the formula) give^ 

c 118, D 

87a. TwaddelPs Hydrometer. — In this instrument the divisions are 
placed not as in Beaum^'s, at equal distances, but at dis-* 
tances corresponding to equal differences of density. In feet 
the specific gravity of a liquid is found by multiplying*tlie 
reading by 5, cutting off three decimal places, and pre- 
fixing unity. Thus the degree 1 indicates specific gravity 
1*005, 2 indicates l OlO, &e. 

88. Gay Lussac’s Centesimal Alcoholimeter. — When a hydro- 
meter is to be used for a special purpose it may be con- 
venient to adopt a mode of graduation different in principle 
from any that we have described above, and adapted to 
give a direct indication of the proportion in which two 
ingredients are mixed in the fluid to be examined. It may 
indicate, for example, the quantity of salt in sea- water, or 
the quantity of alcohol in a spirit consisting of alcohol and 
water. Where there are three or more ingredients of dif- 
ferent specific gravities the method fails. Gay-Lussac’s alco- 
holimeter is graduated to indicate, at the temperature of IS*" Cent., 


k. 

Fig. 87. 
CtiiitoRitiial 
Alcoholi- 
meter. 


' On comparing the two formulae for D in this section with the tables in the Api)endix 
to Miller’s Chemical Physics^ I find that as regards the salimeter they agree to two places 
of decimals and very nearly to three. As regards the alcoholimeter, the table in Milter 
implies that c is about 136, which would make the density corresponding to the zero of 
the scale about 1*074. 
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the percentage of pure alcohol in a specimen of spirit. At the ‘top 
of the stem is 100, the point to wjiich the instrument sinks in pure 
alcohol, and at the bottom is 0, to which it sinks in water. The posi- 
tion of the intermediate degrees must be determined empirically, by 
placing the instrument in mixtures of alcohol and water in known 
proportions, at the temperature of 15°. The law of density, as de- 
pending on the proportion of alcohol present, is complicated by the 
fact that, when alcohol is mixed with water, a diminution of volume 
(accompanied by rise of temperature) takes place. 

88 a. Specific Gravity of Mixtures. — When two or more substances 
are mixed without either shrinkage or expansion (that is, when 
the volume of the mixture is equal to the sum of the volumes of the 
components), the density of the mixture can easily be expressed in 
terms of the quantities and densities of the components. 

First, let the volumes Viy v% -Us . . . of the components be given, 
together with their densities d^, d^ . , , 

Then their masses (or weights) are Vidi, v^do, V‘A • • • 

The mass of the mixture is the sum of these masses, and its volume 
is the suin of the volumes Vu V 2 , ; hence its density is 

! Vi *^2 ^2 4 * . « . 

V1 + V2 + , . . 

Secondly, let the weights or masses mj, m2, m3 ... of the compo- 
nents be given, together with their densities cZi, d^, cZa . , . 

Then their volumes are ^^ . . . 

di rta 

The volume of the mixture is the sum of these volumes, and its mass 
is mi-fma+mad- . . . ; hence its density is 

W1 + 7W2+. . . 

di di ' ' ' 

88 b. Graphical Method of Graduation. — When the points on the 
stem which correspond to some five or six known densities, nearly 
equiditferent, have been determined, the intermediate graduations 
can be inserted with tolerable accuracy by the graphical method of 
interpolation, a method which has many applicaticfhs in physics 
besides that which we are now considering. Suppose A and B 
(Fig. 85) to represent the extreme points, and I, K, L, R intermediate 
points, all of which correspond to known densities. Erect ordinates 
(that is to say, perpendiculars) at these points, proportional to the 
respective densities, or (which will serve our purpose equally well) 
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erect ordinates IT, KK', LL', RE', BC proportional to the excesses of 
the densities at I, K, L, R, B above the density at A. Any scale of 
e(j[ual parts can be employed 
for laying off the ordinates, 
but it is convenient to adopt 
a scale which will make the 
greatest ordinate BC not 
much greater nor much less 
than the base line AB. In 
the figure, the density at B is 
supposed to be 1*80, the den- 
sity at A being 1 . The differ- 
ence of density is therefore 
*80, as indicjited by the fig- 
ures 80 on the scale of equal 
parts. Having erected the ordinates, we must draw through their 
extremities the curve ArK'L'R'C, making it as free from sudden 
turns as possible, as it is upon the regularity of this curve that the 
accuracy of the interpolation depends. Then to find the poiiffc on the 
stem AB at which any other density is to be marked— say TOO, we 
must draw through the 00th division, on the line of equal i)arts, a 
horizontal line to meet the curve, and, through the point thus found 
on the curve, draw an ordinate. This ordinate will meet the base 
line AB in the re(purcd point, which is accordingly marked 1 6 in 
the figure. The curve also affords the means of solving the converse 
problem, that is, of finding the density corresponding to any given 
point on the stem. At the given point in AB, which represents the 
stem, we must draw an ordinate, and through the point where this 
meets the curve we must draw a horizontal line to meet the scale of 
equal parts. The point thus determined on the scale of equal parts 
indicates the density re(j[uired, or rather the excess of this density 
above the density of A. 
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Fig 85. — Graphical Method of Graduation. 
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CHAPTER XI. 


VESSELS IN COMMUNICATION. — CAPILLARITY. 


89. Equilibrium in Vessels in Communication. — When a liquid is 
contained in vessels communicating with each other, and is in equi- 
libriurr^, it stands at the same height in the difterent parts of the 
system, so that the free surfaces all lie in the same horizontal plane. 

This is an immediate consequence of the fact that layers of equal 



pressure in a liquid are always horizontal (§ 64) ; for if we take any 
such layer at the bottom of the system, we must proceed upwards 
through the same vertical height in .all parts of the system in order 
to reach the free surface which corresponds to the pressure. Thus, 
in the system represented by Fig, the liquid is seen to stand at 
the same height in the principal vessel and in the variously shaped 
tubes coiumunicating with it. If one of these tubes is cut oif at a 
height less than that of the liquid in the principal vessel, and if it 
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be made to terminate in a narrow, mouth, the liquid will be seen to 
spout up nearly to the level of that in the principal vessel. 

This tendency of liquids to find their own level is very important, 
and of continual application. Thus, a reservoir of water may liavc 
different pipes issuing from it and spreading out in all possible direc- 
tions with any number of turns and windings ; provided that the ends 
of these pipes lie below the level of the reservoir, the water will flow 
through the pipes and run out set their extremities. The velocity of 
exit, however, will depend on the form and arrangement of the pipes, 
as well as on the difference of level. This velocity must of course 
be taken into account in calculating the quantity of water that will 
flow in a given time; and in forming plans for the proper distribution 
of public supplies of water. It also determines the height to which 
a jet of water can be discharged from an opening at the end of the 
pipe. . 

90. Water-level. — The well-known instrument called the water- 
level depends upon the propeil^y just mentioned. It consists of a 



1 ig. 90. ' - Water-level. 


metal tube hh^ bent at right angles at its extremities. Tliese carry 
two glasa tubes aa, very narrow at the top, and of tlie same diameter. 
The tube rests on a tripod stand, at the top of which is a joint that 
enables t\ie observer to turn the apparatus and set it in any direction. 
The tube is placed in a position nearly horizontal, and water, gener- 
ally coloured a little, is poured in until it stands at about three- 
fourths of the height of each of the glass tubes. 

By the principle of equilibrium in vessels communicating with 
each other, the surfaces of the liquid in the two branches are in the 
same horizontal plane, so that if the line of the observer's sight just 
grazes the two surfaces, it will be horizontal. 
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This is the principle of the operjition, called levelling, the object of 
which is to determine the difference of vertical height, or difference 
of level, between two given points. Suppose A and B to be the two 
points (Fig. 91). At each of these points is fixed a levelling-stafiT, 



Fig. 91.— Levelling. 


that is, an upright rod divided into parts of eqiM length, on which 
slides a small square board whose centre serves as a mark for the 
observer. 

The level being placed at an intermediate station, tlie observer 
directs the line of sight towards each levelling-staff, and the mark 
is raised or lowered till the line of sight passes through its centre. 
The marks on the two staves are in this way brought to the same 
level. The staff in the rear is then carried in advance of the other, 
the level is again placed between the two, and another observation 
taken. In this way, by noting the division of the staff at which 
the sliding mark stands in each case, the difference of levels of two 
distant stations can be deduced from observations at a number of 
intermediate points 

91. Spirit-level, — These observations can be made in a much more 
exact and convenient manner by means of the spirit-level. This 

instrument is composed of a 
glass tube slightly curved, 
containing a liquid, which is 
generally alcohol, and which 
fills the whole extent of the 
tube, except a small ^pace 
occupied by an air-bubble. 
This tube is inclosed in a mounting which is firmly supported on 
a stand. 

Suppose the tube to have been so constructed that a vertical 
section of its upper surface is an arc of a circle, and suppose the 



Fig. 92. — Spirit-level. 
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instrClment placed upon a horizontal plane (Fig. 93). The air-huhhle 
will take up a position MN at the highest part of the tube, such that 
the arcs MA and NB are 
equal. Hence it follows that 
if the level be reversed end — j- 
for end, the bubble will oc- Kg. 93. 

cupy the same position, the 

point N coming to M, and vice versa. This will not he the case 
if AB is inclined to the horizon (Fig. 9-1-), for then the distance MA 
being different from NB, 
after the apparatus has 
been turned, the bubble 
will assume a symmetrical 
position at the opposite end 
of the tube. The condition, 

therefore, that the line on which the spirit-level rests should be 
horizontal is, that after this operation of reversal the bubble should 
remain within the same limits. In order to avoid the trouble of 
turning the instrument, the maker marks these limits by reference- 
marks on the tube or its mounting, and in order to determine that 
a line is horizontal it is only necessary to make sure that, when the 
level is placed upon it, the bubble lies exactly between these reference- 
marks. 

In order that a plane surface may be iiorizontal, we must have 
two lines in it horizontal. This result is practically attained in the 
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following manner: — The surface is made to rest on three levelling 
screws which form the three vertices of an isosceles triangle; the 
level is first placed parallel to the base of the triangle, and, by means 
of one of the screws, the bubble is brought between the reference- 
marks. The instrument is then placed perj)endicularly to its first 
position, and the bubble is brought between the marks by means of 
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thj 0 third screw; this second operation cannot disturb the reslilt of 
the first, since the plane has only been turned about a horizontal line 
as hinge. 

92. Level furniBhed with Telescope. — In order to apply the spirit- 
level to land-surveying, an apparatus such, as that represented 

in the figure is employed. 
Upon a frame A A, movable 
about a vertical axis B, are 
placed a spirit-level nn, and 
a telescope LL, in positions 
parallel to each other. The 
telescope is furnished at its 
focus with two fine wires 
crossing one another, whose 
point of intersection deter- 
mines the line of sight with 
great precision. The appara- 
tus, which is provided with levelling screws H, rests on a tripod 
stand, ajid the observer is able, by turning it about its axis, to com- 
mand the different points of the horizon. By a process of adjust- 
ment which need not here be described, it is known that when the 
bubble is between tlie marks the line of sight is horizontal ; so that 
we may proceed to find the difference of level between two points in 
the same way as with the water-level; but the operation is much 
more precise, and the range of vision much more extensive. By 
furnishing the instrument with a graduated horizontal circle P, we 
may obtain the azimuths of the points observed, and thus map out 
contour lines. 

. On each sid^ of the reference-marks of the bubble are divisions for 
measuring small deviations from horizontality. It is, in fact, ea^sy 
to see, by reference to Fig. 93, that by tilting the level through any 
srnfill angle, the bubble is displaced by a quantity proportional to 
this angle, at least when the curvature of the instrument is that of 
a circle. ^ 

For determining the angular value corresponding to each division 
of the tube, it is usual to employ an apparatus opening like a pair 
of compasses by a hinge C, on one <&f the legs of which rests, by two 
V-shaped supports, the tube T of the level The compass is opened 
by means of a micrometer screw V, of very regular action; and as 
the distance of the screw from the hinge is known, as well as the 
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distance between the threads of the screw, it is easy to calculate 
beforehand the value of the divisions on the micrometer head. The 
• levelling screws of the instrument serve to bring the bubble between 



Pig. 97. —Graduation of Spirit-level. 


its reference-marks, so that the micrometer screw is only used to 
determine the value of the divisions on the tube. 

93. Equilibrium of Two Different Liquids in Communicating Vessels. 

— If into one of two tubes in communication we pour a liquid, say 
mercury, this liquid will 
rise to the same height 
in both branches. If we 
now pour water into one 
of them, the mercury will 
be pushed back in the 
other branch ; and when . 
equilibrium has been es- 
tablished, the heifjhts of 
the two liquids above 
the surface of separation 
will be very unequal, as 
shown in the figure. Ini 
general, these heights,! 
since they correspond to| 
the same pressure upon|| 
the surface of separation,] 
will he inversely propor- 
tional to the densities. ^ ' 

94. Capillarity — General Phenomena. — The different principles of 
equilibrium* which have been explained in the preceding jiara- 
graphs, are subject to remarkable exceptions when the vessels in 



Fig. 98.— Etiuilibrium of Two Fluids in Communicating 
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which the liquids are contained are very narrow, or, as thoy are 
called, capillary (capillus, a hair)’; and also in the case of vessels of 
any size, when we consider the portion of the liquid which is in 
close proximity to the sides. 

1. Free Surface, — The surface of a liquid is not horizontal in the 
neighbourhood of the sides of the vessel, but'presents a very decided 
curvature. When the liquid wets the vessel, as in the case of water 
in a glass vessel (Fig. 99), the surface is concave; on the contrary 
when the liquid does not wet the vessel, as in the case of mercury in 
a glass vessel (Fig. 100), the surface is, generally speaking, convex. 

2. Capillary Elevation and Depression, — If a very narrow tube 
of glass be plunged in water, or any other liquid that will wet it 



Fig. 99. Fig, 100. Fig. 101, Fig. 102. 


(Fig. 101), it will be observed that the level of the liquid, instead of 
remaining at the same height inside and outside of the tube, stands 
perceptibly higher in the tube; s. capillary ascension takes place, 

which varies in amount according to the 
nature of the liquid and the diameter of 
the tube. It will also be seen that the 
liquid column tlms raised terminates in 
a concave surface. If a glass tube be 
dipped in mercury, which does not wet 
it, it will be seen, by bringing the tube 
to the side of the vessel, that the mercury 
is depressed in its interior, and that it 
terminates in a convex surface (Fig. 102). 

3. Cg^pillary Vessels in Communica- 
tion with Others, — If we take two bent 
tubes,. each having one branch of a considerable diameter and the 
other extremely narrow, and pour into one of them a liquid which 
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wets it, and into the other mercury, the liquid will be observed in 
the former case to stand higher in the capillary than in the prin- 
cipal branch, and in the latter case to stand lower ; the free surfaces 
being at the same time concave in the case of the liquid which 
wets the tubes, and convex in the case of the mercury. 

. 95. Circumstances which influence Capillary Elevation and Depression. 
— In wetted tubes the elevation depends upon the nature of the liquid ; 
thus, at the temperature of 18° 6ent., water rises 29-79“^“ (12 inch) 
in a tube 1 paillimetre (irV inch) in diameter, alcohol rises 12*18*““S 
nitric acid 22-57“^”^, essence of lavender 4*28*“"^, &c. The nature of 
the tube is almost entirely immaterial, provided the precaution be first 
taken of wetting it with the liquid to be employed in the experiment, 
so as to leave a film of the liquid adhering to the sides of the tube. 

Capillary depression, on the other hand, depends both on the 
nature of the liquid and on that of the tube. Both ascension and 
depression diminish as the temperature increases ; for example, the 
elevation of water, which in a tube of a certain diameter is equal to 
1,82“™. at 0° Cent., is only 100™“ at 100° 

96. Law of Diameters. — Capillary elevaiiona arid depThasians 
when all other circumstances are the same, are inversely proper 
tional to the diameters of the tubes. As this law is a consequence 
of the mathematical tlieories which are generally accepted as ex- 
plaining capillary phenomena, its verification has been regarded as 
of great importance. 

The experiments of Gay-Lussac, which confirmed this law, have 
been repeated, with slight modifications, by several observers. The 
method employed consists essentially in measuring the capillary 
elevation of a liquid by means of a cathetometer (Fig. 104). The 
telescope ll is directed first to the top n of the column in the tube, 
and then to the end of a pointer fc, which touches the surface of the 
liquid at a point where it is horizontal. In observing the depression 
of mercury, since the opacity of the metal prevents us from seeing 
the tube, 'ye must bring the tube close to the side of the vessel e. 

The diameter of the tube can be measured directly by observing 
its section through a microscope, or we may proceed by the method 
employed by Gay-Lussac. He weighed the quantity of mercury 
which filled a known length I of the tube ; this weight w is that of 
a cylinder mercury whose radius x is determined by the equation 
13*59 = 

* This formula is only true for the metrical system, 13*59 being the specific gravity of 
mercury. and I are in centimetres, w ^ill be in grammes. 
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The result of these different. experiments is, that in the of 
wetted tubes the law is exactly fulfilled, provided that they be pre- 
viously washed with the greatest care, so as to remove all foreign 
matters, and that the’ liquid on which the experiment is to be per- 


l 



Fig. 104.— VeHfioation of Law of Liameters. 

foriiied be first parsed tliroiigh them. When the liquid does not wet 
the tube, various causes combine to affect the form of the surface in 
which the liquid column terminates ; and we cannot infer the depres- 
sion from knowing the diameter, unless we also take into considera- 
tion some element connected with the form of the terminal surface, 
such as the length of the sagitta, or the angle made with the sides 
of the tube by the extremities of the curved surface, which is called 
the angle, of contact 

97. Cause of Capillary Phenomena. — Capillary phenomena, as they 
take place alike in air and in vacuo, cannot be attributed to the 
action of the atmosphere. They depend upon molecular actions 
which take place between the particles of the liquid itself, and be- 
tween the liquid and the solid containing it, the actions in question 
being purely superficial — ^that is to say, being confined to an extremely 
thin layer forming the external boundary of the liquid, and to an 
extremely thin superficial layer of the solid in contact with the 
liquid. For example, it is found in the case of glass tubes, that the 
amount of capillary eleVation or depression is not at all /iffected by 
the thickness of the sides of the tube. The following are some of 
the principles which govern capillary phenomena. 
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L I'or a given liquid in contact with a given solid, with a definite 
intimateness of contact (this last element being dependent upon the 
cleanness of the surface, upon whether the surface of the solid has 
been recently washed by the liquid, and perhaps upon some other 
particulars), there is (at any specified tempefature) a definite angle 
of contact, which is independent of the directions of the surfaces 
with regard to the vertical. 

2. Every liquid behaves as if a thin film, forming its external 
layer, were in a state of tension, and exerting a constant effort to 
contract. This tension, or contractile force, is exhibited over the 
whole of the free surface (that is, the surface which is exposed to air), 
but wherever the liquid is in contact with a solid, its existence is 
masked by other molecular actions. It is uniform in all directions 
in the free surface, and at all points in this surface, being dependent 
only on the nature and temperature of the liquid. Its intensity for 
several specified liquids is given in tabular form further on (§ 97 f) 
upon the authority of Van der Mensbrugghe. Tension of this kind 
must of course be stated in units of force per linear unit, because by 
doubling the width of a band we double the force required^ to keep 
it stretched. Mensbrugghe considers that such tension really exists 
in the superficial layer ; but the majoiity of authors (and we think 
with more justice) regard it rather as a convenient fiction, which 
accurately represents the effects of the real cause. Two of the most 
eminent writers on the cau^e of capillary phenomena are Laplace 
and Dr. Thomas Young. The subject presents difliculties which 
have not yet been fully surmounted. 

The law of diameters is a direct consequence of the two preceding 
principles; for if a denote the external angle of contact (which is 
acute in the case of mercury against glass), T the tension per unit 
length, and r the radius of the tube, then 27rrT will be the whole 
amount of force exerted at the margin of the surface; and as this 
force is exerted in a direction making an angle a with the vertical, 
its vertical component will be 27rrTcosa, which is exerted in pulling 
the tube upwards and the liquid downwards. 

If w be the weight of unit volume of the liquid, then is 

the weight of as much as would occupy unit length of the tube; and 
if h denote the height of a column whose weight is equal to the 
force tending to depress the liquid, we have 


Tr^hw = 2irrTco8a; 
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whence A = ° which, when the other elements are given, 

^varies inversely as r, the radius of the tube. 

Having regard to the fact that the surface is not of the same 
heiglit in the centre as at the edges, it is obvious that h denotes the 
mean height. 

If a be obtuse, A will be negative — that is to say, there ^yill be 
elevation instead of depression. Imthe case of water against a tube 
,• which has been well wetted with that liquid, a is 180° — that is to 
say, the tube is tangential to the surface. For this case the fonnula 
for h gives 

elevation = — | 
rw\ 

Again, for two parallel vertical plates at distance u, the vertical force 
of capillarity for a unit of length is 2Tcos^i, which must be equal to 
whu, being the weight of a sheet of liquid of height hy thickness u, 
and length unity. We have therefore 

, 2Tcosa 
k « , 

which agrees with the expression for the depression or elevation in 
a circular tube whose radius is equal to the distance .between these 
parallel plates. 

The surface tension always tends to reduce the surface to the 
smallest area which can be inclosed by its actual boundary ; and 
therefore always produces a normal force directed towards the con- 
cave side of the superficial film. Hence, wherever there is capillary 
elevation the free surface must be concave ; wherever there is depres- 
sion it must be convex. 

97a. It follows from a well-knOwn proposition in statics (Tod- 
hunter’s Statics, § 194), that if a cylindrical film be stretched with a 
uniform tension T (so that the force tending to pull the film asunder 
across any short line drawn on the film, is T times the length of the 
line), the resultant nonnal pressure (which the film exerts, for ex- 
ample, against the surface of a solid internal cylinder over which it 
is stretched) is T divided by the radius of the cylinder. 

It can be proved that a film of any form, stretched with uniform 
tension T, exerts at each point a fiormal pressure equal to the sum 
of the pressures which would be exerted by two overlapping cylin- 
drical films, whose axes are at right angles to one another, and 
whose cross sections are circles of curvature of normal sections at the 
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poijafc That is to say, if P be the normal force per unit area, and 
rr' the radii of curvature in two mutually perpendicular normal 
sections at the point, then 



At any point on a curved surface, the normal sections of greatest and 
least curvature are mutually per 2 )endicular, and are called the prin- 
cipal normal sections at the j)eint. If the corres])onding radii of 
curvature be R, R', we have 


P = (1) 


or the normal force 'per unit area is equal to the tension per unit 
length multiplied hy the sum of the principal curvatures. 

In the case of capillary depressions and elevations, the superficial 
film at the free surface is to be regarded as 2 )ressing the liquid in- 
wards, or pulling it outwards, according as this surface is convex or 
concave, with a force P given by the above formula. The value of 
P at any point of the free surface is equal to the pressure due to the 
height of a column of liquid extending from that point to the level 
of the general horizontal surface. It is therefore greatest at the 
edges of the elevated or depressed column in a tube, and least in the 


1 1 

centre; and the curvature, as measured by - + iRust vary in 

■ R R 

the same proportion. If the tube is so large that there is no sensible 
elevation or depression in the centre of the column, the centre of the 
free surface must be sensibly plane. 

97b. Another consequence of the formula is, that in circumstances 
where there can be no normal pressure towards either side of the 
surface, 

1 1 

= 0 ; ( 2 ) 


R 


which implies that either the surfiice is plane, in which case each of 
the two terms is separately equal to zero, or else 

R = - R'; (3) 

that is, the principal radii of curvature are equal, and lie on opposite 
sides of the surface. The formulae (2), (3) apjdy to a film of soapy 
water attached to a loop of wire. If the loop be in one plane, the 
film will be in the same plane. If the loop be not in one plane, the 
film cannot be in one plane; and will in fact assume that form which 
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gives the least area consistent with having the loop for its boundaiy. 
At every point it will be observed to be, if we may so say, concave 
towards both sides, and convex towards both sides, the concavity 
being precisely e^ual to the convexity — that is to say, equation (3) 
is satisfied at every point of the film. 

In this case both sides* of the film are exposed to atmospheric 
pressure. In the case of a common soap-bilbble the outside is ex- 
posed to atmospheric pressure, and* the inside to a pressure some- 
what greater, the difference of the pressures being compensated by 
the tendency of the film to contract. Formula (1) becomes for 
either the outer or inner surface of a spherical bubble 



but this result must be doubled, because there are two free surfaces ; 
hence the excess of pressure of the inclosed above the external air is 


— , E denoting the radius of the bubble. 
E ^ ^ 


The value of T for soapy water is about 1 grain per linear inch ; 
hence, if we divide 4 by the radius of the bubble expressed in inches, 
we shall obtain the excess of internal over external pressure in grains 
per square inch. 

The value of T for any liquid may be obtained by observing the 
amount of elevation or depression in a tube of given diameter, and 
employing the formula 


which follows immediately from the formula for k in § 97. 

97 c. It is this uniform surface tension, of which we have been 
speaking, which causes a drop of a liquid falling through the air 
either to assume the spherical form, or to oscillate about the spheri- 
cal form. Tlie phenomena of drops can be imitated on an enlarged 
scale, under circumstances which permit us to observe the actual 
motions, by a method devised bj" Professor Plateau of Olive- 

oil is intermediate in density between water and alcohol. Let a 
mixture of alcohol and water be prepared, having precisely the 
density of olive-oil, and let about a cubic inch of the latter be gently 
introduced into it with the aid of a funnel or pipette. It will as- 
sume a spherical form, and if forced out of this form an4 then left 
free, will slowly oscillate about it ; for example, if it has been com- 
pelled to assume the form of a prolate spheroid, it will pass to the 
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oblafe form, will then become prolate again, and so on alteimately, be-, 
coming however more nearly spherical every time, because its move- 
ments are hindered by friction, until at last it comes to rest as a sphere. 

97 D, Capillarity furnishes no exception to the principle that the 
pressure in a liquid is the same at all points at the same depth. 
When the free surface within a tube is convex, and is consequently 
depressed below the general level of the external surface, the presr 
sure becomes suddenly greater, on passing downwards through the 
superficial layer, by the amount due to the ^urvature. Below this 
it increases regularly by the amount due to the depth of liquid 
passed through. The pressure at any point vertically under the con- 
vex meniscus^ may be computed, either by taking the depth of tlie 
point below the general free surface, and adding atmospheric pressure 
to the pressure due to this depth, according to the ordinary prin- 
ciples of hydrostatics, or by taking the depth of the point below 
that point of the meniscus which is vertically over it, adding the 
pressure due to the curvature at this point, and also adding atmo- 
spheric pressure. 

When the free surface of the liquid within a tube is concave, 
the pressure suddenly diminishes on passing downwards through 
the superficial layer, by the amount due to the curvature as given 
by formula (1); that is to say, the pressure at a very small' depth 
is less than atmospheric pressure by this amount. Below this 
depth it goes on increasing according to the usual law, and becomes 
equal to atmospheric pressure at that depth which corresponds with 
the level of the general external surface. The pressure at any point 
in the liquid within the tube can therefore be obtained either by 
subtracting from atmospheric pressure the pressure due to the 
elevation of the point above the general surface, or by adding to 
atmospheric pressure the pressure due to the depth below that point 
of the meniscus which is on the same vertical, and subtracting the 
pressure due to the curvature at this point. 

These rules imply, as has been already remarked, that the curva- 
ture is different at different points of the, meniscus, being greatest 
where the elevation or depression is greatest, namely at the edges 
of the meniscus; and least at the point of least elevation or depression, 
wliich in a cylindrical tube is the middle point. 

^ The convex or concave surface of the liquid in a tube is^ usually denoted by the name 
memscus {/JLvjidffKoi, a crescent), which denotes a form approximately resembling that of a 
watch-glass. 
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The principles just stated apply to all cases of capillary elevation 
and depression, 

• They enable us to calculate the force with which two parallel ver- 
tical plates, partially immersed in a liquid which wets them, are 
urged towards each other by capillary action. The portion of liquid 
elevated between them is at less than atmospheric pressure, and 
therefore is insulBcient to "resist the atmospheric pressure which is 
exerted on the outer faces of the plates. The average pressure in 
the elevated portion of liquid is that which exists half-way up it, 
and is less than atmospheric pressure by the pressure of a column of 
liquid whose height is half the elevation. 

Even if the liquid be one which does not wet the plates, they will 
still be urged towards each other by capillary action ; for the inner 
faces of the plates are exposed to merely atmospheric pressure over 
that portion of their areas which corresponds to the depression, while 
the corresponding portions of the ektemal faces are exposed to 
atmospheric pressure increased by the weight of a portion of the 
liquid. ^ 

These principles exydain the apparent attraction exhibited by 
bodies floating on a liquid which either wets them both or wets 
neither of them. When the two bodies are near each other they 
behave somewhat like parallel plates, the elevation or depression of 
the liquid between them being greater than on their remote sides. 

If two floating bodies, one of which is wetted and the other un- 
wetted by the liquid, come near together, the elevation and depression 
of the liquid will be less on the near than on the remote sides, and 
apparent repulsion will be exhibited. 

In all cases of capillary elevation or depression, the solid is pulled 
downwards or upwards with a force equal to that by which the 
liquid is raised or depressed. In applying the principle of Archi- 
medes to a solid partially immersed in su liquid, it is therefore neces- 
sary (as we have seen in § 79), when the solid produces capillaiy 
depression, to reckon the void space thus created as part of the dis- 
placement; and when the soHd produces capillary elevation, the fluid 
raised above the general level must be reckoned as negative displace- 
ment, tending to increase the apparent weight of the solid. 

97 E. Thus far all the effects of jpapillary action which we have 
mentioned are connected with th^urvature of the superfleial film, 
and depend upon the principle that a convex surface increases and a 
concave surface diminishes the pressure in the interior of the liquid. 
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But. there is good reason for maintaining that whatever be the form 
of the free surface there is always a certain amount of pressure in 
the interior due to the molecular action at this surface, and tliat the 
pressure due to the curvature pf the surface is to be added to or 
subtracted from a definite amount of pressure which is independent 
of the curvature and depends only Pn the nature and condition of 
the liquid. This indeed follows at once from the fact that capillary 
elevation can take place in vacijo. As far as the principles of the 
preceding paragraphs are concerned, we should have, at pgints within 
the elevated column, a pressure less than that existing in the 
vacuum. This, however, cannot be; we cannot conceive of negative 
pressure existing in the interior of a liquid, and we are driven' to 
conclude that the elevation is owing to the excess of the pressure 
caused by the plane surface in the containing vessel above the pres- 
sure caused by the concave surface in the capillary tube. 

There are some other facts which seem only explicable on the same 
general principle of interior pressure due to surface aetjon, — facts 
which attracted the notice of some of the earliest writers on 
pneumatics, namely, that siphons will work in vacuo, and that a 
column of mercury at least 75 inches in length can be sustained — as 
if by atmospheric pressure — in a barometei* tube, the mercury being 
boiled and completely filling the tube. 

97f. Weliave now to notice certain phenomena which depend on 
the diflerence in the surface tensions of different liquids, or of the 
same liquid in difierent states. 

Let a thin layer of oil be spread over the upper surface of a thin 
sheet of brass, and let a lamp be. placed underneath. The oil will be 
observed to run away from the spot directly over the flame, even 
though this spot be somewhat lower than the rest of the sheet. 
This effect is attributable to the excess of surface tension in the cold 
oil above the hot. 

In like manner, if a drop of alcohol be introduced into a thin 
layer of water spread over a nearly horizontal surface, it will be 
drawn away in all directions by the surrounding water, leaving a 
nearly dry spot in the space which it occupied. In this experiment 
the water should be coloured in order to distinguish it from the 
alcohol. •; 

Again, Ipt a very small fragmen#bf camphoiv be placed on the sur- 
face of hot water. It will be observed to rush to and fro with 
frequent rotations on its own axis, sometimes in one direction and 
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sometimes in the opposite. These effects, which have been a frequent 
subject of discussion, are now known to be due to the diminution of 
the surface tension of the water by the camphor which it takes up. 
Superficial currents are thus created, radiating from the fragment of 
camphor in all directions ; and as the camphor dissolves more quickly 
in some parts than in others, the currents which are formed are not 
equal in all directions, and those which are most powerful prevail 
over the others and give motion to the fragment. 

The values of T, the apparent surface tension, for several liquids, 
are given in the following table, on the authority of Van der Mens- 
brugghe, in milligrammes (or thousandth parts of a gramme) per milli- 
metre of length. They can be reduced to grains per inch of length 
by multiplying them by *392; for example, the surface tension of 
distilled water is 73 X *392 = 2-86 grains per inch. 

Distilled water at 20° Cent., . . . 7*3 Solution of Marseilles soap, 1 part of 

Sulphuric ether, 1'88 soap to 40 of water, 2*83 

Absolute alcohol - . . 2*5 Solution of saponine, 4*07 

Olive- oil, 3*5 Saturated solution of carbonate of 

Mercury, 49*1 soda, ... * 4*28 

Bisulphide of carbon, 3*57 Water impregnated with camphor, , 4*5 


98. Endosmose. — Capillary phenomena have 
undoubtedly^ some connection with a very 
important property discovered by Dutrochet, 

t and called by him endosmose. 

The endosmometer invented by him to 
illustrate this phenomenon consists of a reser- 
voir V closed below by a membrane 6a, and 
terminating above in a tube of considerable 
length. This reservoir is filled, suppose, with 
a solution of gum in water, and is kept im- 
mersed in water. At the end of some time 
the level of the lic^uid in the tube will be 
observed to have risen to n, suppose, and at 
the same time traces of gum will b^ found in 
the water in which the reservoir is immersed. 
Hence we conclude that the two liquids have 
penetrated through the membrane, but in dif- 

ferent proportions; and this is what is called 

endosmoiH. ^ 

Fig. los.-Endosmometer. instead of 8b solutiou of gum we em- 

ployed water containing albumen, sugar, or gelatine in solution, a 
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similar result would ensue. The membrane may be replaced by a 
slab of wood or of porous clay. Physiologists have justly attached 
very great importance to this discovery of Dutrochet. It explains, 
in fact, the interchange of liquids, which is continually taking place 
in the tissues and vessels of the animal system, as well as the 
absorption of water by the spongioles of roots, and several similar 
phenomena. ' 

As regards the power of passing through porous diaphragms, 
Graham has divided substances into two classes — crystalloids and 
colloids {KoWttf former are susceptible of crystallization, 

form solutions free from viscosity, are sapid, and possess great powers 
of diffusion through porous septa. The latter, including gum, starch, 
albumen, &c., are characterized by a remarkable sluggishness and 
indisposition both to diffusion and to crystallization, and when pure 
are nearly tasteless. 



CHAPTER XII. 


THE BAROMETER. 


99. Weight of the Air and of Gases. — Gcoseous bodies possess a num- 
ber of properties in common with liquids ; like them, they transmit 
pressures entire and in all directions, according to the principle of 
Pascal; but they differ essentially from liquids in the permanent 
repulsive force exerted between their molecules, in virtue of which 
a mass of gas always tends to expand. 

The opinion was long held that the air was without weight ; or, 
to speak more precisely, it never occurred to any of the philosophers 
who preceded Galileo to attribute any influence in natural phe- 
nomena to the weight of the air. And as this influence is really of 
the first importance, and comes into play in many of the commonest 
phenomena, it very naturally happened that the discovery of the 
weight of air formed the commencement of the modern revival of 
physical science. 

It appears, however, that Aristotle conceived the idea of the 
possibility of air having weight, and, in order to convince himself on 
this point, he weighed a skin inflated and collapsed. As he obtained 
the same weight in both cases, he relinquished the idea which he had 
for the moment entertained. In fact, the experiment, as he per- 
formed it, could only give a negative result; for if the weight of the 
skin was increased, on the one hand, by the introdyc^j^ of a fresh 
quantity of air, it was diminished, on the other, by the cfeesponding 
increase in the upward pressure of the air displaced. In order to 
draw a certain conclusion, the experiment should be performed with 
a vessel which coifld receive withiSi it air df different degrees of 
density, without changing its own volume. c. 

G^flileo is said to have devised the experiment of weighing a 
globe filled alternately with ordinary air and with compressed air. 
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As tKe weight is greater in the latter case, Galileo should have drawn 
the inference that air is heavy. It does not appear, however, that 
the importance of this conclusion made much impression on him, for 
he did not give it any of those developments which might have been 
expected to present themselves to a mind like his. 

100. Experiment of Otto Guericke. — Otto Guericke, the illustrious 
inventor of the air-pump, in 1G50 performed the following experi- 
ment, which is decisive : — • 

A globe of glass, furnished with a stop-cock, and of a sufficient 
capacity (about twelve litres), is exhausted of air. It is then sus- 
pended from one of the scales of a 
balance, and a weight sufficient to 
produce equilibrium is placed dn the 
other scale. The stop-cock is then 
opened, the air . rushes into the 
globe, and the beam is observed 
giadually to incline, so that an addi- 
tional weiglit is required in the 
other scale, in order to re-establish 
equilibrium. If the capacity of 
the globe is 12 litres, about 15*5 
grammes will be needed, which 
gives 1*3 gramme as the a[)proxi- 
mate weiglit of a litre of air.^ 

If, in performing this experiment, 
we take particular precautions to 
insure its precision, as we shall ex- 
plain in the book on heat, it will 
be found that, at the temperature 
of freezing water, and under the 

pressure of one atmosphere, a litre Fig. loe.— woigutof Air. 

of air weighs 1 *293 gramme.^ Under 

these circu||^U,ces, the ratio of a volume of air to an „ equal 

volume of water is Air is thus 773 times lighter than 

water. 

By repeq,ting this experiment with other gases, we may determine 

^ A cubic foot of air in ordinary circumstances weighs abouj an ounce and a (juarter. 

® In strictifess, the weight in grammes of a litre of air under the pressure of 760 
millimetres of mercury is different in different localities, being proportional to the intensity 
. of gravity — not because the force of gravity on the litre of air is different, for though this 
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their weight as compared with that of * air, and the absolute weight 
of a litre of each of them. Thus it is found that a litre of oxygen 
weighs 1’43 gramme, a litre of carbonic acid 1*97 gramme, a litre of 
hydrogen 0*089 gramme, &c. 

101. Atmospheric Pressure.-^The atmosphere encircles the earth 
with a layer some 50 or 100 miles in thickness; this heavy fluid 
mass exerts on the surface of all bodies a pressure entirely analogous 
both in nature and origin to that sustained by a body wholly 
immersed in a liquid. It is subject to the fundamental law men- 
tioned in § 64. The pressure should therefore diminish as we' 
ascend from the surface of the earth, but should have the same value 
for all points in the same hori;zontal layer, provided that the air is in 
a state of equilibrium. On account of the great compressibility of 
gas, the lower layers are much more dense than the upper ones ; but 
the density, like the pressure, is constant in value for the same 
horizontal layer, throughout any portion of air in a state of 
equilibrium. Whenever there is an inequality either of density or 
pressure at a given level, wind must ensue. 

We owe to Torricelli an experiment which plainly shows the 
pressure of the atmosphere, and enables us to estimate its intensity 
with great precision. This experiment, which was performed in 
1643, one year after the death of Galileo, at a time wdien the weight 
and pressure of the air were scarcely even suspected, has immortalized 
the name of its author, and has exercised a most important influence 
upon the progress of natural philosophy. 

102. Torricelli’s Experiment. — A tube of about a quarter or a third of 
an inch in diameter, and about a yard in length, is completely filled 
with mercury ; the extremity is then stopped with the finger, and 
the tube is inverted in a vessel containing mercury. If the finger is 
now removed, the mercury will descend in the tube, and after a few 

is true, it does not aflfect the numerical value of the weight when stated in grammes, but 
because the pressure of 760 millimetres of mercury varies as the intensity of gravity, so 
that more air is compressed into the space of a litre as gravity increases, (§ 107, 6.) 

The weight in grammes is another name for the mass. The force of gravity on a litre of 
air under the pressure of 760 millimetres is proportional to the square of the intensity of 
gravity. 

This is an excellent example of the ambiguity of the word weight, which sometimes 
denotes a mass, sometimes a force; and thougl^ the distinction is of no practical importance 
BO long as we confine our attention to one locality, it cannot be neglected when different 
localities are compared. *• ^ 

Begnault’s determination of the weight of a litre of dry air at 0° Cent, under the pressure 
of 760 millimetres at Paris is 1 ‘293187 gramme. Gravity at Paris ie to gravity at Green- 
wich as 3456 to 3457. The corresponding number for Greenwich is therefore 1 *>293561. 



Torricelli's experiment, H3 

osciHations will remain stationary at a height which vanes according 
to circumstances, but which is generally about 30 inches. 

The column of mercury is maintained at this height by the 
pressure of the atmosphere upon the surface of the merqury in the 



Fig. 108 .— Torricellian Experiment. 


vessel. In fact, the pressure at the level ABCD must be the same 
within as without the tube; so that the column of mercury BE 
exerts a pressure equal to that of the atmosphere. 

Accordingly, we conclude from this experiment of Tomcelli that 
every surface exposed to the atmosphere sustains a normal pressure 
equaly an an average^ to the weight of a column of mercury whose 
base is this surface, and whose height is 30 inches. 

It is e^dtot that if we performed a similar experiment with 
water, whose density is to that of mercury as 1 : 13-59, the height 
of the column sustained would be 13*59 times as much; that is, 
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30 X 13*59 inches, or about 34 feet. This is the maximum height 
to which water can be raised in a pump; as was observed by Galileo. 

In general the heights of columns of different liquids 
equal in weight to a column of air on the same base, are 
inversely proportional to their densities. 

103. Pressure of One Atmosphere. — We can easily calcu- 
late the amount of this pressure for a given surface, for 
example, a square inch. « It is the weight of a column of 
mercury whose base is a square inch and height 30 inches, 
that is, the weight of 30 cubic inches of mercury ; and as 
a cubic inch of mercury weighs about half a pound, the 
atmospheric pressure on a square inch is about 1 5 pounds. 
This pressure of 15 pounds^ to the square inch is called 
the pressure of one atmosphere; it is exerted in a normal 
direction at all points on the surface of a body, and in 
consequence, as in the case of a body wholly immersed in 
a liquid, the resultant of the different elenfentary pres- 
sures is a vertical upward pressure equal to the weight of 
the air displaced. The effect of the air, therefore, is not, 
as was formerly supposed, to press bodies to the surface 
of the earth ; on the contrary, it tends to raise them, as in a liquid, 
but with comparatively small force, owing to its small density. It 
is upon this principle that the ascent of balloons depends, as we shall 
see hereafter. 

104. Pascal’s Experiments. — It is supposed, though without any de- 
cisive proof, that Torricelli derived from Galileo the definite conception 
of atmospheric pressure.^ However this may be, when the experiment 
of the Italian philosopher became known in France in 1644, no one 
was capable of giving the correct explanation of it, and the famous 



Fig. 100. 


a 


^ More accurately, 14*73 pounds, which is equivalent to the weight of 29*922 inches (or 
760 millimetres) of pure mercury of the temperature of freezing water. 

® In the fountains of the Grand-duke of Tuscany some pumps were required to raise 
water from a depth of from 40 to 50 feet. When these were worked, it was found that they 
would not draw, (aalileo determined the height to which the water rose in their tubes, 
and found it to be about 32 feet ; and as he had observed am^ proved that air has weight, 
he readily conceived that it was the weight of a column of the atmosphere which maintained; 
the water at this height in the pumps. No very useful results, however, were expected 
from this discovery, until, at a later date, Torricelli adopted and greatly extended it. 
Desiring to repeat the experiment in a more convenient form, he conceived the idea of sub- 
stituting for water a liquid that is 14 times as heavy, namely, mercury, rigfitly imagining 
that a column of one- fourteenth of the length would balance the force which sustained 32 
feet of water (Biot, Jiio^raphie Universelle, article “Torricelli”).— A 
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doctrine that ‘‘nature abhors a vacuum/' by which the rising of 
water in a pump was accounted for, was generally accepted. Pascal 
was the first to prove incontestably the falsity of this old doctrine, 
an(f to introduce a more rational belief. For this purpose he pro- 
posed or executed a series of ingenious experiments, and discussed 


minutely all the phenomena which were attributed 
to nature's abhorrence of a vacuum, showing that 
they were necessary conseqiiencee of the pressure 
of the atmosphere. 

We may cite in particular the observation, made 
at his suggestion, that the height of the mercurial 
column decreases in proportion as we ascend. 
This beautiful and decisive experiment, which is 
repeated as oft6n as heights are measured by the 
barometer, and which leaves no doubt as to the 
nature of the force which sustains the mercurial 
column, was ^performed for the first time at Cler- 
mont, and on the top of the Puy-de-D6me, on the 
19th September, 1648. 

106. The Barometer. — By fixing the Torricellian 
tube in a permanent position, we have a means 
of measuring the amount of the atmospheric pres- 
sure at any moment; and this pressure maybe 
expressed by the height of the column of mercury 
wliich it supports. Such an instrument is called 
a barometer. In order that its indications may 
be accurate, several precautions must be observed. 
In the first place, the liquid used in different 
barometers must bo identical, for the height of 
the column supported naturally depends upon the 
density of the liquid employed, and if this varies, 
the observations made with different instruments 
will not be comparable. 

The mercury employed is chemically pure, being 



generally made so by washing with a dilute acid no.— Baroineter in 

® ® , its simplest form. 

and by subsequent distillation. The barometric 


tube is filled nearly full, and is then placed upon a sloping furnace, 


and heatecl till the mercury boib. The object of this process is to 
expel the air and moisture which may be contained in the mercurial 
column, and which, without this precaution, would gradually ascend 



14f6 THE BAEOMETEK. 

into the vacuum above, and cause a downward pressure of unknown 
amount, which would prevent the mercury from rising to the proper 
height. 

The next step is to fill up the tube with pure mercury, taking 
care not to introduce any bubble of air. The tube is then inverted 

in a cistern likewise containing pure 
mercury recently boiled, and is firmly 
fixed in a vertical position, as shown 
in Fig. 110. 

We have thus a fixed barometer; 
and in order to ascertain the atmo- 
spheric pressure at any moment, it is 
only necessary to measure the height 
of the top of the column of mercury 
above the surface of the mercury in 
the cistern. For this purpose an iron 
rod, working in a screw, is fixed ver- 
tically above the surface of the mer- 
cury in the dish. The extremities of 
this rod are pointed, ‘and the lower 
extremity being brought down to 
touch the surface of the liquid below, 
the distance of the upper extremity 
from the top of the column of mer- 
cury is measured. Adding to this the 
length of the rod, which has previ- 
ously been determined once for all, 
we liave the barometric height. This 
measurement may be effected with 
great precision by means of the cathe- 
torneter. 

106 a. Cathetometer. — This instru- 
ment, which is so frequently em- 
ployed in physics to measure the ver- 
Fig. 111.— Cathetometer. tical distance between two points, 

was invented by Dulong and Petit. 
It consists essentially (Fig. Ill) <tf a vertical scale divided usually 
into half millimetres.* This scale forms part of a brass cylinder capable 
of turning very easily about a strong steel axis. This axis is fixed on 
a pedestal provided with three levelling screws, and with two spirit- 
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lev.els at right angles to each other. Along the scale moves a sliding 
frame carrying a telescope furnished with crosswires, that is, with two 
very fine threads, usually spider lines, in the focus of the eye-piece, 
whose point of intersection serves to determine tlie line of vision. By 
means of a clamp and slow-motion screw, tlie telescope can be fixed 
with great precision at any required height* The telescope is also 
provided with a spirit-level and adjusting screw. gm \ 

When the apparatus is in con-ect a<ljustment, ■ 

the line of vision of the telescope is horizontal, i B 

and the graduated scale is vertical. If then we | B 

wish to measure the diffei ence of level between B ; 

two points, we have only to sight them succes- ■ 

sively, and measure the distance passed over on • I BL i 
tlie scale, which is done by means of a vernier i 

attached to the sliding frame. m [ 

106. Fortin’s Barometer. — The barometer just p|plll 
described is intended to be fixed ; when porta- || I |1 [ 

bility is required the barometer invented by ;|||B| ||■|||||| j 

Fortin is employed. It is also ^ i|BB|flHJ 

perfectly adapted to general use. 

The cistern, which is formed of a 

tube of boxwood, surmounted by |P^fl|B B 

a tube of glass, is closed below by : 11 |fl 
a piece of leather, which can be . 
raised or lowered by means of a ; 
screw. This screw works in the . I, 

bottom of a copper case, which * 

incloses the cistern except at the '^B| BpjBi 

middle, where it is cut away in 

front and at the back, so as to 3 

leave the surface of the mercury M 

open to view. The barometric L^IijJBB 
tube is encased in a tube of copper, Fig. na. Fig. u 2 . 

. * Tx X *j. • Upper iKjrtion of CiaterD of Fortin^M 

With two silts at opposite sides Barometer. Ikn, meter. 

(Fig. 113) and it is on this tube 

that the divisions are engraved, the zero point from which they aie 
reckoned being the lower extreiliity of an ivoty point fixed in the 
covering qf the cistern. The temperature of the mercury, which is 
required for one of the corrections mentioned in next section, is given 
by a thermometer with its bulb resting against the tube. A sliding 


Fig. U2. 

ClBtero of Fortin^M 
B/irometor, 
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piece, furnished witli a vernier,^ moves along the tube by means of 
the screw B, and enables us to determine the height with great pre- 
cision. Its lower edge is the zero of the vernier. The way in which 
the barometric tube is fixed upon the cistern is worth notice. In the 
centr e of the upper surface of the copper casing there is an opening, 
from which rhses a short tube of the same metal, lined with a tube of 
boxwood. The barometric tube is pushed inside, and fitted in with 
a piece of cliamois leather, which prevents the mercury from issuing; 
but does not exclude the air, which, passing through the pores of the 
leather*, penetrates into the cistern, and so transmits its pi*essure. 

Before taking an observation, the surface of the mercury is adjusted, 
by m(3aiis of the lower screw, to touch the ivory point. The observer 
knows when this condition is fultilled by seeing the extremity of the 
point touch its image in the mercury. The vernier is then raised or 
lowered, until the horizontal plane in which its zero lies is tangential 

' 7'}ic vernier ia an instrument very largely employed for measuring the fractions of a 
unit of length on any 8 (;ale. Suppose we have a scale divided into inches, and another 
scale containing nine inches divided into ten equal parts. If now we make the end of this 
latter scale, which is called the vernier, coincide with one of the divisions in the scale of 
inches, as each division of the vernier is of an in<;h, it is evident that the first division 
on the scale will he of an inch beyond the first division on the vernier, the second on the 
scale ^ beyond the second on the vernier, and so on until the ninth on the scales, which 


« 1 2 1 4 B « 7 8 j 

'If .rl 

• lje34B<7«9 1Q 




Fig, 114. — Vornier. 


will exactly coincide with the tenth on the vernier. Suppose next that in measuring 
any length we find that its exti’emity lies between the degrees 5 and 6 on the scale; we 
bring the zero of the vernier opposite the extremity of the length to be measured, and 
observe what division on the vernier coincides with one of the divisions on the scale. W e 
sec in the figure that it is the seventh, and thus we conclude that the fraction required is 

of an inch. 

If the vernier consisted of 19 inches divided into 20 equal parts, it would read to the 
of an inch; but there is a limit to the precision that can thus be obtained. An exact coin- 
cidence of a division on the vender with one on the scale seldom or never takes place, and 
wo merely take the division which approaches nearest to this coincidence; so that when 
the ditteronce between the degrees on the vernier and those on the scale is very small, there 
may be so much uncertainty in tins selection as to nullify the theoretical precision of the 
instrument. Verniers are also employed to measure angles ; when a circle is divided into 
half degrees, a vernier is used . which gives of a division on the circle, that is, 5^5 of a 
half degree, or one minute.-^/). 
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to -the upper surface of the mercurial column, as shown in Fig. 113. 
In making this adjustment, the hack of the instrument should he 
turned towards a good light, in order thiit the observer may lx 
tain of the position in 


I 


i^e cer- 


which the light is just 
cut off at the summit of 
the convexity. 

When the instrument 
is to be moved, the 
screw at the bottom is 
turned until the tube 
filled. The cistern will 
then be full also, and 
the barometer should be 
inverted, as an addi- 
tional safeguard both 
against the introduction 
of air and the escape of 
mercury. In making 
observations upon the 
surface of the ground, 
the instrument is sus- 
pended from a tripod 
stand by gimbals,^ so 
that it always takes a 
vertical position; or it 
may be fixed perman- 
ently against a wall. 

106a. Float Adjust- 
ment. — In some baro- 
meters the ivory point 
forindicatingtjie proper < 
level of the mercury in 
the cistern is replaced 
by a float. F (Fig. 1 07) 
is a small ivory piston, having the float attached to its oot, aiu 
moving freely up and down between the two ivory guides 1. 
horizontal line (interrupted by the piston) is* engraved on tla? two 

» A kind of uniyersal joint, in common use on board ship for the suspension of com- 
passes, lamps, &c. It is seen in Fig. 115, at the top of the tripod stand. 



Fig. 116 .--Uaroiiieter with Tripod htiiwd. 
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guides, and anotlier is engraved on the piston, at such a height that 
the three lines form one straight line when the surface of the mer- 
cury in the cistern stands at the zero point of the scale. 

107. Barometric Corrections. — In order that bai'o- 
mctric heights may be comparable as measures of 
atmospheric pressure, certain corrections must be ap- 
plied. 

1 . Correction for Temperature. As mercury expands 
witli lieat, it follows that a column of warm mercury 
exerts less pressure than a column of the same height 
at a lower temperature; and ii is usual to reduce the 
actual height of the column to the height of a column 
at the temperature of freezing water, which would 
exert the same pressure. 

Let h be the observed height at temperature f Centi- 
grade, and \ the height reduced to freezing-point. 
Then, if m be the coefficient of expansion of mercury 
per degree Cent., we have 

(1 + m =:: A, whence IiQ — h-^hnit nearly. 

The value of m (Chap, xxii.) is ^^= 00018018. For temperatures 
Fahrenheit, we have 

ho i 1 +m (t - 32) J =7/-, ho^h- hm (t- 32), 
where m denotes = *^^001001. 

But temperature also affects the length of the divisions on the 
scale by which the height of the mercurial column is measured. If 
these divisions be true inches at 0° Cent., then at f the length of n 
divisions will be (l+l 0 inches, I denoting the coefficient of linear 
expansion of the scale, the value of which for brass, the usual 
material, is *00001878. If then the observed height h amounts to 
n divisions of the scale, we have 

ho (1 + m <) = (1 + z 0 ; 

whence 

, n (1 4 - It) # / A 1 

==»-»« (m~7), nearly; 

that is to say, if n be the height i^ead off on the scale, it must be 
diminished bj^ the correction n t (m— Z), t denoting the te,mperature 
of the mercury in degrees Centigrade. The value of m— ? is 
*0001614. 



Fijf. 107. 

Float Adjustment. 
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For temperatures Fahrenheit, assuming the scale to he of the 
correct length at 32° Fahr., the formula for the correction (which is 
still subtractive), is 7i (tS2) (m-l), where m-l lias tlie value 
•00008967.1 

2. Co^ection for Capillarity , — In the preceding chaj)ter we liave 
seen that mercury in a glass tube undergoes a capillary depression, 
whence it follows that the observed baroniotric height is too small, 
and that we must add to it tho amount of this de{)?-es.sion. In all 
tubes of internal diameter less than about J of an inch this correction 
is sensible; and its amount, for which no simple formula can be given, 
has been computed, from theoretical considerations, for various sizes 
of tube, by several eminent mathematicians, and recorded in tabh^s, 
from which that given below is abridged. These values are a]>plicable 
on the assumption that the meniscus which forms the summit of the 
mercurial column is decidedly convex, as it always is when the mer- 
cury is rising. When the meniscus is too flat, the mercury must be 
lowered by the foot-screw, and then screwed u]) again. 

It is found by experiment, that the amount of caj)illary depression 
is only half as great when the mercury has been boiled in the iiiljc, 
as when this precaution has been neglected. 

For purposes of special accuracy, tables liave been computed, 

^ The correction for temperature is usually made by the help of tables, winch its 
amount for all ordinary temperatures and heij^his. ^'11080 tables, when inU^iulcd ft)r 
^English barometers, are generally constructed on tho assumption that the scale is of llic 
correct length not at 32° Fahr., but at 62° Fahr., which is {l>y act of I'arliainent) t)je 
temperature at which the British standard yard (preserved in the office of the JCxclKvjUf'r) 
is correct. On this supposition, the length of n divisions of the scale at tcinporaturo 
Fahr., is 

n 1 1 + ^ (t — 62) j 

and hy equating this expression to 

A,{l+m (e-32)} 

we find 

^, = n{l-w(e-32) + 2(«-62)} 

= n{l- (m-l) t + (32»71-62 Of 
*00008967 «+*002556/)4} ; 

which, omitting superfluous decimals, may conveniently be put in the form 

( 09 2*56). 

1000 ^ 

The correction vanishes when 

•09 2*56 = 0; 

that is, when <=??^*=28*5. 

.9 

For all temperatures higher than this tho correction is subtractive. 
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giving the amount of capillary depression for different degrees of 
convexity, as determined by the sagitta (or height) of the meniscus, 
taken in conjunction with the diameter of the tube. Such tables, 
however, are seldom used in this country.^ 


TaIU.K of CAriLLABY DEPRESSIONS IN UNBOILED TUBES. 
{To he halved for Boiled Tuhes.) 


Diamotm* of 
tuhu ill inchea. 

DepresBi<J7i. 

Diameter. 

HepreBBioii. 

Diameter. 

Depression . 

•10 

•MO 

•20 

• 0.58 

•40 

•015 

•11 

•126 

•22 

• 0.50 

•42 

•013 

•12 

•114 

•24 

•044 

•44 

•oil 

•13 

•104 

•26 

•038 

•46 

• 001 ) 

•14 

•004 

•28 

•033 

•48 

•008 

• 1.5 

•()iS() 

•.30 

•029 

•60 

•007 

•10 

•070 

•32 

•026 

*,55 

•005 

•17 

'073 

•34 

•023 

•60 

•004 

•18 

•008 

•36 

•020 

•65 

•003 

•10 j 

•003 

'38 

•017 

•70 

•002 


3. Correction for Cajyacify . — When there is no provision for ad- 
justing the level of the mercury in the cistern to the zero point of 
the scale, another correction must be applied. It is called the cor- 
rection for capacity. In barometers of this construction, which were 
formerly much more common than they are at present, there is a 
certain point in the scale at which tlie mercurial column stands when 
the mercury in the cistern is at the correct level. This is called the 
neutral point. If A be the interior area of the tube, and C the area 
of the cistern (exclusive of the space occupied by the tube and its 
contents), when the mercury in the tube rises by the amount x, the 

mercury in the cistern falls by an amount yzz^Xy for the volume of 

the mercury which has passed from the cistern into the tube is 
C 7/ = A X, The change of atmospheric pressure is correctly measured 

by x + y=: (} +^) X, and if we now take x to denote the distance of 
the summit of the mercurial column from the neutral point, the cor- 
rected distance will bo (l and the correction to be applied to 

the observed reading will be ^ x, which is additive if the observed 

reading be above the neutral point, subtractive if below. 

It is Avorthy of remark that the neutral point depends upon the 

r 

^ The most complete collection of meteorological and physical tables, is ^hat edited by 
Professor Guyot, and i)ublished under the auspices of the {Smithsonian Institution, Wash- 
ington. 
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volume of mercury. It will be altered if any mercuiy be lost or 
added; and as temperature affects the volume, the correction for 
temperature should be first applied, and tlie height of the column 
thus corrected should be used in computing the correction for 
capacity. 

In some modern instruments the correction for capacity is avoided, 
by making the divisions on the scale less than true inches, in the 

c 

ratio and the effect of capillarity is at the same time compen- 
sated by lowering the zero point of the scale. Such instruments, if 
correctly made, simply require to be corrected for temperature. 

4. Index Errors. — Under this name are included errors of gradua- 
tion, and errors in the position of the zero of tlie graduations. An 
error of zero makes all readings too high or too low by the same 
amount. Errors of graduation (which are generally exceedingly 
small) are different for different parts of the scale. 

Barometers intended for accurate observation are now usually 
examined at Kew Observatory before being sent out; and a table is 
furnished with each, showing its index error at every lialf inch of 
the scale, errors of capillarity and capacity (if any) being included as 
part of the index eiTor. We may make a remark here once for all 
respecting the signs attached to errors and corrections. The sign of 
an error is always opposite to that of its correction. When a reading 
is too high the index error is one of excess, and is therefore positive; 
whereas the correction needed to make the reading true is subtrac- 
tive, and is therefore negative. 

5. Reduction to Sea-level. — In comparing barometric observations 
taken over an extensive district for meteorological purposes, it is 
usual to apply a correction for difference of level. . Atmosj)heric pres- 
sure, as we have seen, diminishes as we ascend; and it is usual to add 
to the observed height the difference of pressure due to the elevation 
of the place above sea-level. The amount of this correction is pro- 
portional to the observed pressure. The law according to which it 
increases with the height will be discussed in the next chapter. 

6. Correction for Unequal Intensity of Gravity. — When two 
barometers indicate the same height, at places where the intensity of 
gravity is different (for example? at the pole and the equator), the 
same mass^of air is superincumbent over both ^ but the pressures are 
unequal, being proportional to the intensity of gravity as measured 
by the values of g (Chaps, v. vi.) at the two places. When intensity 
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of pressure is to be expressed in absolute measure, it should be stated 
in absolute units of force 42) per unit area. If we adopt as our ab- 
solute unit of force, that force which, acting on a pound of matter for 
a second, would generate a velocity of a foot per second, it is neces- 
sary that the square f )ot should be made the unit of area. 

Since tlie force of gravity on a pound contains g absolute units of 
force, and the weight of 144 cubic inches of mercury at O'" Centigrade 
is 70*7275 lbs., we have the following rules for reducing pressure per 
unit area to absolute measure : — 

To reduce lbs. per sq. foot to absolute measure, multiply by g. 

„ lbs. per sq. inch „ „ J[ . 

144 

„ inches of mercury „ „ (7x707275. 

108. Other kinds of Mercurial Barometer. — The Si 2 )hon Barometer y 
which is represented in Fig. IIC, consists of a bent tube, generally 
of uniform bore, having two unequal legs. The longer 
leg, whicli must be more .than 30 inches long, is closed, 
while the shorter leg is open. A sufficient quantity of 
mercury having been introduced to fill the longer leg, the 
instrument is set upright (after boiling to expel air), and 
the mercury takes such a position, that the difference of 
levels in the two legs represents the pressure of the atmo- 
s])here. 

Supposing the tube to be of uniform section, the mercury 
will always fall as much in one leg as it rises in the other. 
Each end of the mercurial column therefore rises or falls 
through only half the height corresponding to the change 
of atmospheric pressure. 

In tlie best siphon barometers there are two scales, one 
for each leg, as indicated in the figure, the divisions on 
one being reckoned upwards, and on the other downwards, 
from an intermediate zero point, so that the sum of the 
two readings is the difference of levels of the mercury in 
the two branches. 

Inasmuch as c^ipillarity tends to depress both extremities of the 
mercurial column, its effect is generally neglected in siphon baro- 
meters; but practically it causes great difficulty in obtaining accurate 
observations, for according as the mercury is rising or^ falling its 
extremity is more or less convex, and a great deal of tapping is 
usually required to make both ends of the column assume the s^e 
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form,* which is the condition necessary for annihilating the effect of 
capillary action. 

Wheel Barometer , — The wheel barometer, which is in more gen- 
eral use than its merits deserve, consists of a siphon baiometer, 
the two branches of which have usually the sjirne diameter. On 
the surface of the mercury of the open branch floats a small j)iece 



of iron or glass suspended by a thread, the other extremity of which 
is fixed to a pulley, on which the thread is partly rolled. Another 
thread, rolled parallel to the first, supports a weight which balances 
the float. To the axis of the pulley is fixed aaieedle which moves on 
a dial. When the level of the mercury varies in either direction, the 
float folio wg its movement through the same difjtance; by the action 
of the counterpoise the pulley turns, and with it the needle, the ex- 
tremity of which points to the figures on the dial, marking the baro- 
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metric heights. The mounting of the dial is usually placed in- front 
of the tube, so as to conceal its presence. The wheel barometer is a 
very old invention, and was introduced by the celebrated Hooke in* 
1G83. The pulley and strings are sometimes replaced by a rack and 
pinion, as rej)re8ented in the figure (Fig. 118). 

Besides the faults incidental to the siphon barometer, the wheel 
barometer is encumbered in its movements by the friction of the 
additional apparatus. It is quite .unsuitable for measuring the exact 
amount of atmospheric pressure, and is slow in indicating changes. 

Marine Barometer . — The ordinary mercurial barometer.cannot be 
used at sea, on account of the violent oscillations which the mercury 
would experience from the motion of the vessel. In order to meet 
this difficulty, the tube is contracted in its middle 
portion nearly to capillary dimensions, so that the 
motion of the mercury in either direction is hindered. 
An instrument thus constructed is called a marine 
barometer. When such an instrument is used on land 
it is always too slow in its indications. 

Adie's Barometer . — A very convenient form of 
barometer, which is extensively used under the direc- 
tion of the Board of Trade, is constructed by Adie 
of London. The error of capillarity is allowed for 
in fixing the zero point of the scale. The error of 
capacity is obviated by making the divisions of the 
scale less than true inches, in such a ratio as exactly 
to correct for capacity. The observer, therefore, has 
merely to read the height of the top of the mercurial 
column, and correct for temperature. The tube is 
generally contracted in its middle part, to diminish 
the “pumping” {i.e. oscillation), which occurs when 
it is carried from place to place; but the contraction 
is much less than in the marine barometer. 

108 a. Sympiesometer (ovi/, w). — Adie’s sympie- 

someter (Fig. 117) consists of a glass tube 18 inches 
in length and f inch in diameter, with a small 
chamber at the top, and an open cistern below. In 
the original consttuction the upper part of the tube 
was<. filled with hydrogen, and the low;er part and 
cistern with oil of almonds. In the construction now employed these 
materials are replaced by common air and glycerine. 



Fig. 117. 


Synipiasoineter. 
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When the pressure of the atmosphere increases, the air in the upper 
part of the tube is compressed, and the fluid rises ; when it diminisl\es, 
the fluid falls. The instrument is gi-aduated by comparison with a 
mercurial barometer. The intervals corresponding to inches of mer- 
curial pressure are much longer than inches, and are of unecpuil 
length, becoming shorter as we ascend on the tube. To obviate error 
from the increased pressure of the inclosed air when its temperature 
is raised, a thermometer and slidipg scale are added to the instru- 
ment, so that it may be adjusted for temperature at eacli observation. 
Tlio sympiesometer is very quick in its indications, and from its 
portability is well adapted for being used at sea, but it is not suited 
for exact observation. 

As originally made it was liable to gradual change, from absor[)tion 
of tlie hydrogen by the oil of almonds. In the prcser»t construction 
absorption is less liable to occur, at least if the glycerine be of the 
proper consistency. 

109. Aneroid Barometer (a, ri^poc). — This barometer depends uj)on 


X 



Fig. 119. — Aneroid Barometer. 


the changes in the form of a thin metallic vessel^ paitially exhausted 
of air, as the atmospheric pressure varies. M. Vidie was the first to 
overcome the numerous difficulties which were presented in the con- 
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struction of these instruments. We subjoin a figure of the model 
which he finally adopted. 

The essential part is a cylindrical box partially exhausted of air; 
the upper surface of which is corrugated in order to make it yield 
more easily to external pressure. At the centre of the top of the 
l)ox is a small metallic pillar M, which acts upon a powerful steel 
spring R. As the pressure varies, the top of the box rises or falls, 
transmitting its movement to tl\e spring, and thence, by means of 
two levers I and m, to a metallic axis r. This latter carries a third 
lever t, the extremity of which is attached to a chain 8 which turns 
a drum, the axis of which bears the index needle. A spiral spring 
keeps the chain constantly stretched, and thus makes the needle 
always take a position corresponding to the shape of the box at the 
time. The graduation is performed empirically by comparison with 
a mercurial barometer. The aneroid barometer is very sensitive, and 
is much more portable than any form of mercurial barometer, being 
both lighter and less liable to injury. It is sometimes made small 
enough for the waistcoat pocket. It has the drawback of being 
alFected by temperature to an extent which must be determined for 
each instrument separately, and of being liable to gradual changes 
which can only be checked by occasional comparison with a good 
mercurial barometer. 

In the mstallie barometer, which is a modification of the aneroid, 
the exhausted box is crescent-shaped, and the horns of the crescent 
separate or apj)roach according as the external pressure diminishes 
or increases. 

110. Old Forms Revived. — There are two ingenious modifications of 
the form of tlie barometer, which, after long neglect, have recently 
been revived for special purposes. 

Counterpoised Barometer . — The invention of this instrument is 
attributed to Samuel Morland, who constructed it about the year 
1680. It depends upon the following principle: — If the barometric 
tube is suspended from one of the scales of a balance, there will be 
required to balance it in the oth^r scale a weight equal to the weight 
of the tube and the mercury contained in it, minus the upward 
pressure of the liquid against the bottom of the tube and its contents.^ 

^ It may bo shown that if a be the (annular) area of a section of the tube itself, and A 
the ai'ea of the inclosed sp&ce (which is filled with mercury), the resultant force to which 
the tube is subjected from atmospheric and liquid pressure combined is a downward force 

PA-jja, 
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If tbe atmospheric pressure increases, the mercury will rise in the 
tube, and consequently the weight of the floating body will increase 
while the upward pressure will be slightly diminished on account of 
the sinking of the mer-^ 
cury in the cistern. The 
beam will thus incline 
to the side of the baro- 
metric tube, and the 
reverse would be the 
case if the pressure dim- 
inished. For the balance 
may be substituted, as 
in the figure, a lever 
carrying a counterpoise ; 
tlie variations of pres- 
sure will be indicated 
by the movements of 
this lever. 

Such an instrument 
may very well be used 
as a barograph or re- 
cording barometer; for 
this purpose we have 
only to attach to the 
lever an arm with a Fig. 120.-- Counteriwised Barumoter. 

pencil, which is con- 
stantly in contact with a sheet of paper moved uniformly by clock- 
work. The result will be a continuous trace, whose form corresponds 
to the variations of pressure. It is very easy to determine, either by 
lalculation or by comparison with a standard barometer, the pres- 
sure corresponding to a given position of the pencil on the paper ; 

P denoting atmospheric proasure, and p the fluid pressure duo to the depth of immersion 
(exclusive of the transmitted atmospheric pressure). This resultant force together with the 
weight of the tufle must be equal to the supporting force at the pf>int of suspension. If the 
latter be constant, PA must be constant, and the changes in P and p must be inversely 

as the areas A and a. If these areas are equal P and p wdll be equal; that is, the tube will 
<lescerid through the same distance as the mercury in a common barometer would rise; and 
if A is greater than a, the movement will bl proportionately magnified. For great sensi- 
tiveness, therefore, the tube should be large and thin. ^ 

We have here neglected the changes of level in the mercury in which the tube is im- 
mersed. These changes tend to increase the distance moved by the tube, and must be 
added to the movements as above calculated. 
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thus, if the paper is ruled with twenty-four equidistant lines, corre- 
sponding to the twenty-four hours of the day, we can see at a glance 
what was the pressure at any given time'. An arrangement of this 
kind has been adoi)ted by the Abb^ Secchi for the meteorograph of 
the observatory at Rome. It has also been successfully employed at 
the Liverpool Exchange. 

Fahreriheif 8 Barometer, — Fahrenheit's barometer consists of a tube 

bent several timei^, the lower portions of 
which contain mercury ; the upper por- 
tions are filled with water, or any other 
lic^uid, usually coloured. It is evident 
that the atmospheric pressure is bjilanced 
by the sum of the differences of level of 
the columns of mercury, diminished by 
the sum of the corresponding differences 
for the columns of water; whence it fol- 
lows that, by employing a considerable 
number of tubes, we may greatly reduce 
the height of the barompetric column. 
Tills circumstance renders the instru- 
ment interesting as a scientific curiosity, 
but at the same time diminishes its sensitiveness, and renders it unfit 
for purposes of precision. It is therefore never used for the measure- 
ment of atmospheric pressure; but an instrument upon the same 
principle has recently been employed for the measurement of very 
high pressures, as be explained in Chap. xiv. 

110 a., Photographia Registration. — Since the year 1847 various 
meteorological instruments at the Royal Observatory, Greenwich, 
have been made to yield continuous traces of their indications by .the 
aid of photography, and the method is now generally employed at 
meteorological observatories in this country. The Greenwich system 
is fully described in the Gteenwich Magnetical and Meteorological 
Observations for 1847, pp. Ixiii.-xc. (published in 1849). 

The general principle adopted for all the instruments is tlie same. 
The photographic paper is wrapped round a glass cylinder, and the 
axis of the cylinder is made parallel to the direction of the move- 
ment which is to be registered. TLe cylinder is turned by clockwork, 
with uniform velocity. The spot of light (for the magnets and 
barometer), or the boundary of the line of light (for the thermometers), 
moves, with the movements which are to be registered, backwards 
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and forwards in the direction of the axis of the cylinder, while the 
cylinder itself is turned round. Consequently (as in Morin’s machine, 
Chap. V.), when the paper is unwrapped from its cylindrical form, 
there is traced upon it a curve of which the abscissa is pro])ortional 
to the time, while the ordinate is proj>ortioiial to the movement whicl] 
is the subject of measure. 

The barometer employed in connection with this system is a lare,e 
siphon barometer, the bore of the upper and lower extremities of its 
arms being about 1*1 inch. A glass float in the quicksilver of tlie 
lower extremity is ))artiall3’^ supported by a counterpoise acting on a 
light lever (which turns on delicate pivots), so that the wire support- 
ing the float is constantly stretched, leaving a definite part of tlie 
weight of the float to be supported by the quicksilver. This lever is 
lengthened to carry a vertical plate of opaque mica with a small aper- 
ture, whose distance from the fulcrum is eight times the distance of 
the point of attachment of the float- wire, and whose movement, 
therefore (§ 108), is four times the movement of the column of a cistern 
barometer. Through this hole the light of a lamp, collected by a 
cylindrical lens, shines upon the photographic paper. 

f]very part of the cylinder, except that on which the s))ot of light 
falls, is covered with a case of blackened zinc, having a slit parallel 
to the axis of the cylinder; and by means of a second lamp shining 
through a small fixed aperture, and a second cylindrical lens, a base 
line is traced upon the paper, which serves for reference in subsequent 
measurements. 

The whole apparatus, or any other apparatus wliich serves to give 
a continuous trace of barometric indications, is called a har()</ra 2 >h; 
and the names thermography magnetograph, anemograph^ &c., are 
similarly applied to other instruments for automatic registration. 
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111. Measurement of Heights by the Barometer. — As the height of 
the barometric column diminishes when \ye ascend in the atmosphere, 
it is natural to seek in this phenomenon a means of measuring heights. 
The problem would be extremely simple, if the air had everywhere 
the vsame density as at the surface of the earth. In fact, the density 
of the air at sea-level being about 10,500 times less than that of 
mercury, it follows that, on the hypothesis of uniform density, the 
mercurial column would fall an inch for every 10,500 inches, or 875 
feet, that we ascend. This lesult, however, is far from being in 
exact accordance with fact, inasmuch as the density of the air 
diminishes very rapidly as we ascend, on account of its great com- 
pressibility. 

Ill A. Height of Homogeneous Atmosphere. — If the atmosphere were 
of uniform and constant den.sity, its height would be approximately 
obtained by multiplying 30 inches by 10,500, which gives 26,250 
feet, or about 5 miles. 

More accurately, if we denote by H the height of the atmosphere 
at a given time and place, on the assumption that the density 
throughout is the same as the observed density D at the base, and if 
we denote by P the observed pressure at the base, expressed in 
absolute units of force per unit area (§ 107, 6), then since the 
pressure P must be equal to the weight of a column of volume H and 
of mass HD, we have . , 

P =: flf HD n = J"-*! 

The height H, computed on this imaginary* aasumption, is called the 
height of the homogeneous atmosphere, corresponding to the pressure 
P, density D, and intensity of gravity g, and is frequently introduced 
in physical formulm. 
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The expression for H shows that its value is not affected if P and 
D vary in the same ratio, as is the case in barometric fluctuations 
when the tenlperature is constant ; but that increase of temperature 
and increase of moisture increase H, since warm air and moist air are 
less dense than cold and dry air at the same pressure. 

It is not necessary that the height H should be reckoned from tlie 
surface of the earth. It may be reckoned upwards from any point in 
tlie atmosphere, and denotes the Jieight which the air above this point 
would have, if reduced to the density I) wliich exists at the point. 

Neglecting differences of temperature and moisture, and the trifling 
diminution of gravity as we ascend, the value of H is the same for 
all points in the same vertical column, because, as we ascend, P and 1) 
diminish in the same ratio. 

112. Principles of Hypsometry. — Sn])posing the temperature, mois- 
ture, and intensity of gravity to be uniform in 
a vertical column of air, it is easy to state the 
law according to which -the pressure would 
diminish as we ascend. Consider, for exam]de, 
tlirco layers of equal thickness, which is so 
small that we may regard the density as con- 
stant within the limits of each layer, though 
varying from each layer to the next. Let 
1), i)', D" be their densities, and P, F" tlu^ 
pressures at their lower faces, the Avcights ol' 
the two lower layers arc P— P and P'— P", 
and these must be proportional to their densities ; hence we have 

P-P' _ D 
V' - F' V'* 

T) P P - P^ P 

but by Boyles law consequently we have whence 

it easily follows that = that is to say, the ratio of the density of 

the first layer to that of the second, is the same as of the second to 
the thirds Applying this principle to any number of consecutive 
layers of equal thickness, we see that the ratio of the density of each 
to that of the next will be the same for the whole series. It follows 
that, afi the heights increase in arithmetical 'progression^ the pi'es- 
sures diminish in geometrical progression, 

Tljis proposition may be put into the algebrtiical form; 




Fig, 122. 
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where Xi, X 2 are the heights of two stations above a fixed level, 
Pi, P 2 the pressures at the two stations, and H some constant. The 
proof given in the note’^ shows, that if the logarithms are Napierian, 
H is equal to the height of the homogeneous atmosphere. If the 
logarithms be of the common kind, H is equal to the height of the 
liomugeneons atmospliere multiplied by 2 3026, the value of which 
))rc>(]iict for the latitude of Great Britain, and for the temperature of 
freezing water, is about 60,360 feet., 

This formula has been deduced on the supposition that the tem- 
])erature and the intensity of gravity are uniform through the whole 
extent of the air between the two stations. If these two elements 
vary, they cause the value of H to vary ; and it would be necessary 
for accuracy to cmjdoy in the formula the mean value of H for the 
striitum of air which intervenes between the two stations. The 
variation in the intensity of gravity is usually insignificant, and it is 
customary to assume as the mean temperature, the arithmetical mean 
of the temperatures and of the two stations. On these assump- 
tions tlio value of H, if the temperatui*os be exp)*essed in degrees 
Fahrenlicit, will (by the law of expansion of air. Chap, xxiii.) be 

(50,300 (1 + 

p 

It is proved in treatises on logarithms that if pr^ b6 but little 
greater than unity, 

Nap. log = 2 py-p® nearly; 

and since the height of the homogeneous atmosphere at freezing 
temperature in these latitudes is about 26,214 feet, we obtain the 
formula — 

Difference of level in feet = 52428 p’ ~p* 

which may be used for differences of level not exceeding about 3000 
feet. 

^ X denote distance measured upwards from a fixed level, then, using the notation 
of § 111a, the pressure duo to the weight of a layer of thickness dxm g D but this is the 
amount by which the pressure diminishes as x is increased by the amount dx) we have 
thei’cforc 


"H 


-(iP = oi?cte=n 

xi 


since by § 111 a, g 


H‘ 


We have therefore 


^ ^ ~ H’ whence log - log P* *= 
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The determination of heights by means of atmospheric pressure, 
whether the pressure be observed directly by the barometer or in 
directly by the boiling-point thermometer "(see Chap, xxvi.), is 
called hypsometry (i>\^oc, height). 

As a rough rule, it may be stated that, in ordinary circumstances, 
the barometer foils an inch in ascending 900 feet. 

113. Diurnal Oscillation of the Barometer. — In these latitudes, the 
mercurial column is in a continiia? state of irregular oscillation ; but in 
the tropics it rises and falls with grefit regularity according to the 
hour of the day, attaining two maxima in the twenty-four hours. 

It generally rises from 4 A.M. to 10 A.M., when it attains its first 
maximum; it then falls till 4 PM., when it attains its first minimum; 
a second maximum is observed at 10 P.M., and a second minimum at 
4 A.M. The hours of maxima and minima are called the troj)ical 
hours (rpcTTO), to turn), and vary a little with the season of tlie year. 
The difiereiice between the highest maximum and lowest minimum 
is called the diurnaP rayige, and the half of this is called the ampli- 
tude of the diurnal oscillation. The amount of tlic former docs not 
exceed about a tenth of an inch. 

The character of this diurnal oscillation is represented in Fig. 123, 
The vertical lines correspond to the hours of the <lay ; lengths have 
been measured upwards upon them pro])ortional to the barometric 
heights at the respective hours, diminished by a constant quantity; 
and the jooints thus determined have been connected by a continuous 
curve. It will be observed that the two lower curves, one of wliich 
relates to Cumana, a town of Venezuela, situated in about 10'’ north 
latitude, show strongly marked oscillations corresponding to the 
maxima and minima. In our own countiy the regular diurnal oscil- 
lation is marked by irregular fi actuations, so that a single day’s 
observations give no clue to its existence. Nevertheless, on taking 
observations at regular hours for a number of consecutive days, and 
comparing the mean heights for the different hours, some indications 

of the law will be found. A month’s observations will be sufficient 

• 

^ The epithets annual and diurnal, when prefixed to the words variation, ranye, ampli- 
tude, denote the period of the variation in question; that is, the time of a cu^mplote oscilla- 
tion. Diurnal variation does not denote variation from one day to another, but the varia- 
tion which goes through its cycle of valq^s in one day of twenty-four hours. Annual 
range denotes the range that occurs witliin a year. This rule is universally observed by 
writers of high scientific authority. • 

A table, exhibiting the values of an element for each month \n the year,* is a table of 
annual (not monthly) variation ; or it may be more particulariy described as a table of 
variations from month to month. 
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for an approximate indication of the law,; but observations, extend- 
ing over some years, will be required to establish with anything like 
precision the hours of maxima and the ampli- 
tude of the oscillation. 

-The two upper curves represent the diurnal 
variation of the barometer at Padua (lat. 45° 24') 
and Abo (lat. 60° 56'), the data having been 
extracted from Kaemtz’s Meteorology. We 
see, by inspection of the figure, that the oscil- 
lation in question becomes less strongly marked 
as the latitude increases. The range at Abo is 
loss than half a millimetre. At about the 70th 
degree of north latitude it becomes insensible; 
and in approaching still nearer to the pole, it appears from observa- 
tions, which however need further confirmation, that the oscillation 
is reversed ; that is to say, that the maxima here are contemporane- 
ous with the minima in lower latitudes. 

There can be little doubt that the diurnal oscillation of the 
bai’ometer is in some way attributable to the heat received from the 
sun, which produces expansion of the air, both directly, as a more 
conseiiuence of heating, and indirectly, by promoting evaporation, 
and thus increasing the volume of tlie air (as well as diminishing its 
sp. gravity) by the addition of aqueous vapour. The precise nature 
of the connection between this cause and the diurnal barometric 
oscillation has not, however, as yet been satisfactorily established. 

114. Irregular Variations of the Barometer. — The height of the baro- 
meter, at least in the temperate zones, depends on the state of the 
atmosphere, and its variations often serve to predict the changes of 
weather with more or less certainty. In this country the barometer 
generally falls for rain or S.W. wind, and rises, for fine weather or 
N.E. wind. 

Barometers for popular use have generally the words — 


Set fair. Fair. Chaiij^e, Bain. Much rain. Stormy,. 
ao-5 30 29*5 29 28-5 2S' inches. 

marked at the respective heights. These words must not, however, 
be understood as absolute predictions. A low barometer rising is 
generally a sign of fine, and a high barometer falling of wet weather. 
Moreover, it is to be borne in mind that the barometer stands about 
a tenth of an inch lower for every hundred feet that we ascend above 
sea-level. 
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The connection between a low or falling barometer and wet wea- 
ther is to be found in the fact that moist air is specifically lighter 
than dry, even at the same temperature, and still more when, as 
usually happens, moist air is warmer than dry. 

115. Inverse March of Barometer and Thermometer.— It is impossible 
to laydown universal rulesfor the connection between the indications of 
the barometer and the state of the v^eather, since rules which would 
usually hold true in one place might be quite inapplicable at another. 
We may, however, state a principle which is of very extensive applica- 
tion, namely, that warm winds, especially when they have passed over 
considerable masses of water, are likel}^ to be accompanied by rain; 
for they are charged with vapour which is liable to be condensed as 
its temperature falls. Cold winds, on the contrary, contain vaj)our 
which was taken up at a lower temperature than it now has, and is 
therefore far from a state of saturation. They are therefore unlikely 
to produce rain unless it be when they first begin to blow, when they 
may condense vapour previously existing in the air. 

These characteristics are very marked in our own country, where 
the warm winds from the south-west have j)as8ed over the Atlantic, 
while the cold winds from the north-east have for the most part 
traversed dry land. 

Again, the march of the barometer is in general opposite to that 
of the thermometer; that is to say, the barometer 'umally falls wkei^ 
the thermometer rises, and vice versd. This law is one of the most 
general in meteorology, and is easily ex))lained ; in fact, when the 
temperature rises dt any place, it pro- 
duces a dilatation of the air, and conse- 
quently an overflow into neighbouring 
regions ; the weight of air over the place 
is thus diminished. On the contrary, a 
fall of temperature produces an inflow 
of air and an increase of pressure. 

It is tjierefore to be expected that 
the mean Barometric height should be 
lower during warm and rainy winds 
than during cold and dry winds ; and 
that this is the case is rendefed ex- 
tremely evident by the annexed figure, which represents the mean 
baronletric rose of the winds at Paris. Upon each of the eight lines 
which represent the principal directions of the wind, have been laid 
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off lengths proportional . to the corresponding barometric pressures 
diminished by a constant. The figure shows a very sudden increase 
in passing from S.W. to W. It i.s, in fact, during the change of the 
wind from one of these quartei's to the other, that the greatest atmo- 
spheric perturbations- occur. 

116. Synoptic Weather Charts. Isobaric Lines. — The extension of 
te]egra})luc communication over Europe has led to the establishment 
of a system of correspondence by wIfIcIi the barometric pressures, at a 
given moment, at a number of stations which have been selected for 
meteorological observation, are known at one or more stations ap- 
pointed for receiving the reports. From the information thus fur- 
nished, cuTves (called isobaric lines) are drawn upon a chart through 
tliose places at which the pressure is the same. The barometric 
condition of an extensive region is thus rendered intelligible at a 
glance. Plate I. is a specimen of these synoptic charts,^ which are 
])rcpared every day at the observatory of Paris; it refers to the 22d 
of January, 1868. Besides the isobaric lines, these charts indicate, 
by the system of notation explained at the left of the figure, the 
general state of the weather, the strength of wind, and state of the 
sea. The isobaric curves correspond to differences of five millimetres 
(about 0*2 inch) of pressure, and according as they are near together, 
or far apart, the variation of pressure in passing from one to another 
is more or less sudden (or to use a very expressive modern phrase, 
the barometric gradient is more or less steep), just as the contour 
lines on a map of hilly ground approach each other most nearly 
wliere the ground is steepest. Generally speaking, the wind blows 
from regions of high to regions of low barometer, and with greater 
force as the barometric gradient is steeper. 

The isobaric lines frequently, as in the example here selected, form 
closed curves encircling a region of barometric depression. Two such 
centres are here exhibited — one in the south of England and the 
other in the west of Russia. Such centres of depression always 
accompany great atmospheric disturbancek The air, in fapt, rushes 

^ The curves drawn upon this chart are isobaric lines, each corresponding to a particular 
barometric pressure, which is indicated by the numerals marked against it. These denote 
the pressure in millimetres diminished by 700. For example, the line T^^hich passes through 
the south of Spain corresponds to the pressure 770 millimetres ; that through the north of 
Spain to 765 millimetres. The curves are drawn' for every fifth millimetre. The smaller 
numerals, which are given to one place of decimals, indicate the pressures actiy^Uy observed 
at the difibrent stations, from which the isobaric lines are drawn by estimation. 

The other symbols refer to cloud, wind, and sea, and are explained at the left of the 
chart. 
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in from all sides, usually with a spiral motion, towards these centres 
of depression, the direction of rotation in the spiral being, for the 
’northern hemisphere, opposite to the motion of the hands of a watch 
with its face upwards. The centrifugal force due to this rotation 
tends to increase the central depression, and thus protracts the dura- 
tion of the phenomenon. 

These revolving storms are called cyclones. They attain their 
greatest violence in tropical regions, the West Indies being especially 
noted for their destructive effect. They frequently proceed from the 
Gulf of Mexico in a north-easterly direction, increasing in diameter 
as they proceed, but diminishing in violence. Their velocity of 
translation is usually from ten to twenty miles an hour. 

The storm- warnings inaugurated by the late Admiral Fitzroy are 
based ])artly upon 'information received by telegraph of storms that 
have actually commenced at some distant locality, and partly upon 
a comparison of barometric pressures at ditferent localities.^ 


^ For fuller information respecting the laws of storms, which is a purely modern subject, 
an<l is continually receiving fresh developments, we would refer to Mr. Buchan’s llandtj 
Booh of Mcicoroloffy, 
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117. Boyle’s Law.— As gases are composed of molecules in a state 
of .permanent repulsion, they may be compared to springs constantly 
bent, and making constant efforts to free themselves. The amount 
of pressure which they exert against the sides of the vessels wdiich 
contain tliem, depends upon the volume which they occupy, increasing 
as this volume diminishes. By a number of careful ex])eriments 
upon this point, Boyle and Mariotte independently established the 
law that this volume varies inversely as the pressure, provided that 
the temj^erature remain constant. As the density evidently varies 
inversely as the volume, we may express the law in other words by 
saying that at the same temperature the density varies directly as 
the pressure. 

If V and V' be the volumes of the same quantity of gas, P and P', 
T) and If, the corresponding pressures and densities, Boyle’s law will 
be expressed by the equations 

V D' 

V' p -D* 

118. Mariotte’s Tube. — The coiTectness of this law may be verified 
by means of the following apparatus, which was employed by both 
the ex])erimenters above named. It consists (Fig. 125) of a bent 
tube with branches of unequal length; the long branch is open, and the 

' Hoyle, ill hifl Defence of the Doctrine touchincf the Spring and Weight^ of the Air against 
the Objections of Franciscus Linns, apj)eiuled to New JFx.pcriments, DhgsicO'mechanical, &c. 
(second edition, 4to, Oxford, IGti'i), describes the two kinds of apparatus represented in 
Figs. 125, 120 as having been employed by him, and giv'es in tabular form the lengths of 
tube occupied by a body of air at various pressures. These observed leng^s he comjiares 
with the theoretical lengthy computed on the assumption that volume varies reciprocally 
as pressure,* and .points out that they agree within the limits of experimental error. 

Mariotte's treatise, De la Nature de VA ir, is stated in the Biographic UniverselU to have 
been published in 1679. (See Preface to Tait’s Themiodynamimy p. iv.) 
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short-branch closed. The tube is fastened to a board provided with 
two scales; one by the side of the long branch, divided into parts of 
equal length; the other by the side of the sliort 
branch, having divisions which correspond to parts 
of equal volume. The graduation of both scales 
begins from the same horizontal line through 0, 0. 

Mercury is first poured in at the extremity of the 
long branch, and by inclining the apparatus to either 
side, and cautitmsly adding more of the li(juid if re- 
(piired, the mercury can be made to stand at the 
same level in both branches, and at tlie zei-o of botli 
scales. Thus wo have, in the short branch, a quan- 
tity of air separated from the external air, and at 
the same pressure. Mercury is then poured into the 
long branch, so as to reduce the volume of this in- 
closed air by one-half; it will then be found that 
the difference of level of the mercury in the two 
branches is equal to the height of the barometer at 
the time of the experiment; the compressed air 
therefore exerts a pressure equal to that of two 
atmospheres. If more mercury bo poured in so as 
to reduce the volume of the air to one-third or one- 
foui th of the original volume, it will be found that 
the difference of level is respectively two or three 
times the height of the barometer; that is, that the 
comy)ressed air exerts a pressure equal respectively 
to that of three or four atmospheres. This exj)Cii- 
inent therefore shows that if the volume of the gas 
becomes two, three, four times as small, the pressure 
becomes two, three, four times as great. This is the Muriotto ^ tuIk^. 
l^rinciple expressed in Boyle's law. 

The law may also be verified in the case where the gas expands, 
and where its pressure conse(picntly diminishes. For this purpose a 
barometric tube (Fig. 120), partially filled with mercury, is inverted in 
a tall vessel, containing mercury also, and is held in such a position 
that the level of the liquid is the same in the tube and in the vessel. 
The volume occupied by the gas ’is marked, and the tube is raised; 
the gas expands, its pressure diminishes, and, in virtue of the excess 
of the atmospheric pressure, a colunan of mercury ah rises in the 
tube, so that its height, added to the pressure of the expanded air, is 
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equal to the atmospheric pressure. It will then be seen that if the 
volume of air becomes double what it was before, the height of the 
column raised is one-half that of the barometer; 
that is, the expanded air exerts a pressure equal 
to half that of the atmosphere. If the volume is 
trebled, the height of the column is two-thirds 
that of the barometer ; that is, the pressure of the 
expanded air is one-third that of the atmosphere, 
a result which is in accordance witli Boyle s law. 

119. Despretz's Experiments. — The simplicity of 
Boyle's law, taken in conjunction with its appar- 
ent agreement with facts, led to its general accep- 
tance as a rigorous truth of nature, until in 1 825 
Dospretz published an account of experiments, 
showing that different gases are’* unequally com- 
])ressible. He inverted in a cistern of mercury 
several cylindrical tubes of equal height, and filled 
them with different gases. The whole apparatus 
was then inclosed in a strong glass vessel filled 
with water, and having a screw -piston as in 
CErsted’s piesometer (§ 22). On pressure being 
applied, the mercury rose to unequal heights in 
the different tubes, carbonic acid for example 
being more reduced in volume than air. These 
experiments proved that though Boyle's law might possibly be true 
fur one of the gases employed, it could not be rigorously true for 
more than one. 

In 1829 Dulong and Arago undertook a laborious series of experi- 
ments with the view of testing the accuracy of the law as apj>lied to 
air; and the results which they obtained, even when the pressure was 
increased to twenty-seven atmospheres, agreed so nearly with it as 
to confirm them in the conviction that, for air at least, it was rigor- 
ously true. When re-examined, in the light of later researches, the 
results obtained by Dulong and Arago seem to point to a different 
conclusion. 

120. Unequal Compressibility of Different Gases. — The unequal com- 
pressibility of different gases, which was first estaj^lished by Despretz s 
experiments above described, is now usually exhibited by the aid of the 
following apparatus designed by Pouillet. A is a cast-iron reservoir, 
containing mercury surmounted by oil. In this latter liquid dips a 



Fig. 120. — Proof of Boylo’a 
Law for Expaiuliiig Air. 
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bronze' plunger P, the upper part of which has a thread cut upon it. 
and works in a nut, so that the plunger can be screwed up or down 
by means of the lever L. The reservoir A comnuini cates 
by an iron tube with another cast-iron vessel, into which 
are firmly fastened two tubes T T about six feet in length 
and iVfh of an inch in internal diameter, veiy carefully 
calibrated (§ 180). Equal volumes of two gases, perfectly 
dry, are introduced into these tubes through their upper 
ends, which are then hermetically sefded. Tl)e plunger is 
then made to descend, and a gradually increasing pressure 
is exerted, the volumes occupied by the gases are mea- 
sured, and it is ascertained that no two gases follow ])re- 
cisely the same haw of comj)rcssion. The ditfenuice, 
however, is almost insensible when the gases employed 
are non-li(piefiable, as air, oxygen, hydrog(m, niti'ogen, 
nitric oxide, and marsh-gas. But when we compare any 
one of these with a liquefiable gas, such as carbonic acid, 
cyanogen, or ammonia, the difference is rapidly and dis- 
tinctly manifested. Thus, under a pressure of twenty- 
five atmospheres, carbonic acid occupies a volume which 
is only Aths of that occupied by air. 

121. Begnault’s Experi- 
ments. — Boyle’s law, there- 
fore, is not to be considered 
as rigorously exact ; but it is 
certainly a very close ap- 
proximation to the truth, 
exce}>t for giuses near their 
point of liquefaction. In 
order to demonstrate the in- 
accuracy of the law for air, 
or any gas that is not lique- 
fiable, and more especially if 
it is required to determine 
the law of deviation for each 
particular gas, it is necessary 
to employ very precise me- 
thods of measurement. In 
ordinary experiments on compression, q||d even^in the elaborate 
investigations of Dulong and Arago, a definite portion of gas is taken 



rig. 127.— Fouillet's Apparattis for showing Untx^aal 
Compressibility of Uifierent Oases. 
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and successively diminished in volume by the application 'of con- 
tinually increasing pressure. Now it is evident that, in 
experiments of this kind, in proportion as the pressure 
increases, the variations in volume become smaller, and 
the precision with which they can be determined con- 
secpiently diminishes. Regnault adopted the plan of 
operating in all cases upon the same volume of gas, 
whicii, being initially at different pressures, was always 
reduced to one-half. The pressure was observed before 
and after this ojieration, and, if Boyle's law were true, its 
value should be found to be doubled. In this way the 
same precision of measurement is obtained at high as at 
low pressures; 

A general view of Regnault’s apparatus is given in Fig. 
128. It consists of an iron reservoir containing mcrcuiy, 

furnished at the top with a 
force-pump for water. The 
lower part of this reservoir com- 
uiii nicates w i th a cy 1 iiider which 
is also of iron, and in which are , 
two openings to admit tubes. 
Communication between the 
leservoir and the C 3 dinder can 
be established or interrupted by 
meiins of a stop-cock R, of very 
exact workmanship. Into one 



l ig. 128.— ‘KeguaiUt's Apparatus for Testing Do^ie's Law. 



REGNAITLT’S APPARATUS. 


175 


of the -openings is fitted the lowest of a series of glass tubes A, which 
are placed end to end, and firmly joined to each other by metal 
.fittings, so as to form a vertical column of about twenty-five metres 
in height. 

The height of the mercurial column in this long manometric tube 
could be exactly determined by means of reference marks placed at 
distances of about *95 of a metre, apd by the graduation on the tubes 
forming the upper part of tlie column. The mean temperature of the 
mercurial column was given by thermometers placed at difterent 
heights. Into the second opening in the cylinder fits the lower 
extremity of the tube B, which is divided into millimetres, and also 
gauged with great accuracy. This tube has at its ui)per end a stop- 
cock r which can open communication with the reservoir V, into 
which the gas to be operated on is forced and compressed by nK‘ans 
of the pump P. 

An outer tube, which is not shown in the figure, envelops the 
tube B, and, being kept full of water, which is continually renewed, 
enables the operator to maintain the tube at a temperature sensibly 
constant, which is indicated: by a very delicate thermometer. Before 
fixing the tube in its place, the point corresponding to the middle of 
its volume is carefully ascertained, and after the tube has btien per- 
manently fixed, the distance of this point from the nearest of tht‘ 
reference marks is observed.^ 

After these explanatory remarks we may describe the mode of 
conducting the experiments. The gas to be operated on, after being 
first thoroughly dried, is introduced at the upper part of the tube B, 
the stop-cock of the pump being kept open, so as to enable the gas 
to ex[)el the mercury and occupy the entire length of the tube. The 
force-pump is then brought into i)lay, and the gas is reduced to about 
half of its former volume; the pressure in both cases being ascertained 
by observing the height of the mercury in the long tube above the 
nearest mark. It is important to remark that it is not at all neces- 
sary to operate always upon exactly the same initial volume, and 
reduce it exactly to one-half, which would be a very tedious opeia- 

^ Kegnault’s apparatus was fixed in a small square tower of about fifteen metres in height, 
forming part of the buildings of the College <Ie France, and which had formerly been built 
by Savart for experiments in bydrjiulica. The tower could therefore contain only the lower 
part of the manometric column; the upper f)art rose above the platform at the top of the 
tower, resting qgainst a sort of mast which c<,»uld bo ascended ]?y the observerr. I’he read- 
ings inside the tower could bo made by means of a cathetometer, but this was impossible 
in the ppper portion of the column, and for this reason the tubes forming this portion were 
graduated. — D, 
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tion ; these two conditions are approximately fulfilled, and the gra- 
duation of the tube enables the observer always to ascertain the actual 
volumes. 

122. Besults. — The general result of the investigations of Regnault 
is, that Boyle’s law does not exactly represent the compressibility of 
even noii-li(|uefiable gases, stfUh as air, hydrogen, nitrogen, which, 
with carbonic acid, were tlie gases operated on by him. But the re- 
sultirjg differences are so small that they would not be detected by 
a mere inspection of the numbers which represent volumes and pres- 
sures. They may, however, be clearly exhibited by submitting the 
results to the following test: — Suppose we take a certain quantity 
of gas which, under the pressure P, occupies the volume V, and that 
we reduce it to a volume V', when the pressure becomes P', and, if 
Boyle’s law were accurate, we should have the equation 

or vr = VT' 

VP 

Or, in another form, - i - o. 

Now it is found tliat for all gases except hydrogen this difference, 
instead of being always zero, is constantly positive, and has not only 
a sensible value, but, which is of especial importance, it increases re- 
gularly with the pressure, which shows that it cannot be attributed 
to the inevitable errors of observation. 

If wc measure off upon any line lengths proportional to the dif- 
ferent pressures, and raise perpendiculars proportional to the differ- 

ences y/p, — 1, by joining the extremities of these perpendiculars by a 

continuous line an uninterrupted curve is obtained, which evidently 
is a grapliic representation of the departure of the gas in question 
from Boyle’s law. Tliese curves have been very carefully traced by 
Regnault; and their algebraic equations can bo found by the ordinary 
methods of interpolation. These equations are employed when it is 
rec^uired to calculate rigorously the change of volume corresponding 
to a very high pressure. 

Since the difference yrp/ — 1 is positive, VT' must be less than VP, 

and consecjuently the volume V' corresponding to the pressure F is 
less than that given by Boyle’s la,w. We thus see that, in general, 
gases are more compressible than Boyle’s law would indicate; and in 
the case of gases that are liquefiable, this difference of compressibility 
is, as we have said, considerable. 
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In this respect hydrogen is a remarkable exception, as was origi- 
nally shown by Despretz in the experiments which we have men- 
tioned ; it is less compressible than it should be by Boyle's law, the 

difference — l being negative. 

This singular peculif^rity of hydrogen is (piite in harmony with 
the views which are entertained as to the nature of this gas. It 
lias been observed, from several comparative ex]>eriments j)er- 
formed upon carbonic acid, that at the temperature of 100*^ Cent, the 
law of compressibility of this gas differs from Boyle’s law much 
less than at ordinary temperatures. We may thus fairly sujijiose 
that if we were to operate at a still higher temperature, we Should 
aj)])roach still more nearly to the law, which would doubtless be 
verified at a particular temperature, beyond whicli the error would 
be in the opposite direction. It would thus ajipear that for each gas 
there i§ a sort of normal temperature, at which the compressibility is 
exactly represented by Boyle s law. 

The compressibility of a gas should also increase as the tempera- 
ture decreases, as is proved by the experiment on carbonic acid. With 
the exception of hydrogen, all gases under ordinary conditions are 
below this normal temperature. But if, as chemical phenomena 
tend to prove, hydrogen is a kind of metal, we must suppose it to 
be relatively in a high state of rarefaction, which accounts for the 
peculiarity presented by its compressibility. 

123. Manometers or Pressure-gauges. — Manometers are instruments 
for measuring the clastic force of a gas or vaj)Our contained in the in- 
terior of a closed space. This clastic force is generally expressed in 
units called atmospheres (§103), and is often measured by means of a 
column of mercury. 

When the column of nieixury moves freely in an open tube, the 
manometer is said to be open [d air libre ] ; it was a manometer of 
this kind that Regnault employed to measure the successive pres- 
sures to which the volume of gas was subjected. 

The open ‘mercurial pressure -gauge is often used in the arts to 
measure pressures that are not very considerable. The figure re- 
presents one of the simplest forms. The apparatus consists of a box, 
generally of iron, at the top of wlfich is an opening closed by a screw 
stopper, which is traversed by the tube 6, openi at both ends, and 
dipping into, the mercury in the box. The air or vapour whose 
elastic force is to be measured enters by the tube a, and presses upon 
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the mercury. It is evident that if the level of the liquid in the’ box 
is the same as in the tube, the pres.sure in the box must be exactly 
equal to that of the atmosphere. If the mercury in the tube rises 
above that in the box, the pressure of the air in the box must exceed 
that of the atmosphere by a pressure corresponding to the height of 
the column raised. The pressures are generally marked in atmo- 
spheres upon a scale beside the tube. 

124. MultipleBranchManometer.-^Whenthepressures to be measured 
are considerable, os in the boiler of a high-pressure steam-engine, the 



Fig. 129. — Open 

Moroui-ial Manometer. 130.— Multiple Branch Manometer. 


above instrument, if employed at all, must be of a length correspond- 
ing to the pressure. If, for instance, the pressure in question is eiglit 
atriiosplieres, the length of the tube must be at least 8 X 30 inches= 
20 feet Such an arrangement is inconvenient even for stationary 
machines, and is entirely inapplicable to movable machines. 

Without departing from the principle of the open mercurial pres- 
sure-gauge, namely, the balancing of the pressure to be observed 
against the weight of a li(][uid increased by one atmosphere, we may 
reduce the length of the instrument by an artifice already employed 
by Fahrenheit in bis barometer (§110). 

The apparatus for this purpose consists of an iron tube ABCD bent 
back upon itself a certain number of times. The extremity A com- 
municates with the boiler by a stop-cock, and the last branch CD is 
of glass, and has a scale by its side. 
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The first step is to fill the tube with mercury as far as the level 
MN. At this height are holes by which the mercury escapes when 
it reaches them, and which are afterwards hermetically sealed. The 
upper portions are filled with water threugh openings which are also 
stopped after the tube has been filled. If the mercury in the first 
tube, which is in communication with the reservoir of gas, falls tlirougli 
a certain distance /i, it will alternately fall and rise through the same 
distance in each of the tubes, and will consequently rise through the 
same distance in the last tube ; now this distance corresponds to an 
effective pressure represented by a column of mercury of height lOA, 
diminished by ten times the same height of water; that is, to a height 

of mercury equal to lO/i (1 — It will thus be seen that a very 

considerable pressure will be indicated by a comparatively small 
variation of the mercurial column. If, for instance, beginning with 
the atmospheric pressure, an additional pressure of five atmosj)hcres 
is exerted, that is, an eflfective pressure of six atmospheres, the ([uan- 
tity h will be given in metres by the equation 

6X -76 = 10/. (l-jg-y, 

whence 

5 X -76 X . 13-59 = lOA x 12*59, 
h — -lO/ft. 

125. CompreBsed-air Manometer. — This instrument, which may as- 
sume different forms, sometimes consists, as in Fig. 131, of a bent tube 
AB closed at one end a, and containing within the 
space Ka a quantity of air, which is cut ofi* from 
external communication by a column of mercury. 

The apparatus has been so constructed, that when 
the pressure on B is equal to that of the atmosphere, 
the mercury stands at the same height in both 
branches; so that, under these circumstances, the 
inclosed air is exactly at atmospheric pressure. But 
if the pressure increases, the mercury is forced into 
the left branch, so that the air in that branch is i8i ~coinpTeiu*ed- 

^ ^ ^ , aiT Manometer. 

compressed, and its tension gradually increases until 
equilibrium is established. The pressure of the gas exerted at B is 
then equal to the pressure of thft compressed air, together with that 
of a column of mercury equal to the difference of level of the liquid 
in ^he two branches. This pressure is expressed in atmospheres on 
the scale ah. 
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The graduation of this scale is effected directly in practice; by 
placing the manometer in communication with a reservoir of com- 
pressed air whose pressure is given by an open mercurial gauge, or 
by a standard manometer of any kind. 

If the tube AB be supposed cylindrical, the graduation can be 
previously effected by an application of Boyle's law. 

Let I be the length of the tube 0(5cupied by the inclosed air when 
its pressure is equal to that of one atmosphere; at the point to which 
the level of the mercury rises is marked the number 1. It is required 
to find to what point the end of the liquid column should reach when 
a pressure of n atmospheres is exerted at B. Let x be tlie height of 
this point above 1; then the volume of the air, which was originally Z, 

hfOS become Z— cc, and its pressure is therefore equal to H H being 

the mean height of the barometer. This pressure, together with that 
due to the difference of level is equivalent to n atmospheres. 
We have thus the equation — 


whence 


I 

II + 2 oj = ?iIT, 

2a;’*- {nll^2l}x+ (n-l)m = 0. 


iiH + + 2/)» ~ III . 


We thus find two values of x ; but that given by taking the positive 
sign of the radical is inadmissible; for if we put 71=1, we ought to 
have x=Oy which cannot be the case unless the 
sign, of the radical is negative. 

' By giving 7i the successive values of 1 4 , 2, 
2J, 3, &c., in this expression for x, we have 
the points on the scale corresponding to pres- 
sures of one atmosphere and a half, two atmo- 
spheres, &c. 

As we have before remarked, the sensibility 
of the instrument decretises as the pressure 
increases, and the distance travelled by the 
mercury for an increment of pressure equal to 
one atmosphere becomes less and less. This 
comp««K^'*\rM\nom.ter. inconvenieuc^ is partly avoided by the ar- 
i*angement shown in Fig, 132. Xhe branch 
containing the air is of a conical form ; in this way, as the mercury 
rises, equal changes of vplume correspond to increasing lengths. The 
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effect of this arrangement is seen by an inspection of the scale, on 
which the numbers corresponding to successive atmospheres of ])re8- 
sure are nearly equidistant, whereas when the tube is cylindrical 
they rapidly approach each other. 

126. Metallic Manometers. — The fragility of glass tubes, and the 
fact tliat they are liable to become opaque by the mercury clinging 
to their sides, are serious drawbacks to their use, especially in 
machines in motion. Accordingly, metallic manometers are often 
employed, depending upon the changes of form effected by the pres- 
sure of gas on its contjiining vessel, when suitably constructed. We 
shall here mention only Bourdon’s gauge (Fig. 1 33). It consists essen- 
tially of a copper tube of elliptic section, which is bent through about 
540^ as represented in Fig. 133. One of the extremities communicates 
by a stop-cock with the reservoir of steam or comi)ressed gas ; to the 
other extremity is attached a steel needle which traverses a scale. 
When the stop- cock permits communication with the atmos])liere, the 
end of the needle stands at the mark 1 ; but if the pressure increases 
the curvature diminishes, the free extremity of the tube moves away 
from the fixed extremity, and the needle traverses the scale. 



127. Mixture of Oases.— When gases of different densities are in- 
closed in ^he same space, experiment shows tliat, even under the most 
unfavourable circumstances, an intimate mixture takes place, so that 
each gas becomes uniformly diffused through the entire space. Ihis 
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fact has been shown by a decisive experiment due to Bertholjet. 
He took two globes (Fig. 1 34) which could be screwed together, and 
placed them in a cellar. The lower globe was filled with carbonic 
acid, the upper globe with hydrogen. Communication was estab- 
lished between them, and at the end of a certain time it was ascer- 
tained that the gases had become intimately mixed; in fact, the 
proportion of carbonic acid and of hydrogen was exactly the same in 
both globes. The fact that the composition of the air is the same at 
all heights is another striking proof. 

If several gases are inclosed in the same space, each of thepi exerts 
the same pressure as if the others were absent, and consequently the 
pressure exerted by the mixture is equal to the sum of the pressures 
due to each gas separately. These separate pressures can easily be 
calculated by Boyle’s law, when the original pressure and volume of 
each gas are known. 

For example, let V and P, V' and P', V" and P" be the volumes 
and pressures of the gases which are made to pass into a vessel of 
volume U. The first gas exerts, when in this vessel, a pressure 

equal to the second a pressure equal to , the third a pressure 
equal to ^ , and sp on, so that the total pressure M is equal to 

+ yj", wlienco MU =VP + V'F + V"P" 

This formula expresses the law of pressure for a mixture of gases; 
it may easily be verified by passing different volumes of gas into a 
graduated glass jar inverted over mercury, after having first mea- 
sured their volumes and pressures. 

128. Absorption of Gases by Liquids and Solids. — All gases are to a 
greater or less extent soluble in water. This property is of consider- 
able importance in the economy of nature ; thus the life of aquatic 
animals and plants is sustained by the oxygen of the air which the 
winter holds in solution. The volume of a given gas that can be 
dissolved in water at a given temperature is found to be in general 
the same at all pressures,^ and the ratio of this volume to that of 
the water which dissolves it is called the coejfficient of solubility 
or of ahsorftion. At the temperature 0” Cent, the coefficient of 
solubility for carbonic acid is 1, for oxygen '04, and for ammonia 
600. 

If a mixture of two 6r more gases be placed in contact with water, 

^ Hence the weight of gfos absorbed is directly as the pressure. 
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each gas will be dissolved to the same extent as if it w'ere the only 
gas present. 

Other liquids as well as water possess the power of absorbing gases, 
according to the same laws, but with coefficients of solubility which 
are different for each liquid. 

Increase of temperature diminishes the coefficient of solubility, 
which is reduced to zero wlien the liquid boils. 

Some solids, especially charcoal, possess the power of absorbing 
gases. Boxwood charcoal absorl&s about nine times its volume of 
oxygen, and about ninety times its volume of ammorna. When 
saturated with one gas, if put into a different gas, it gives up a por- 
tion of that which it first absorbed, and takes up in its place a quan- 
tity of the second. Finely-divided platinum condenses on the sur- 
face of its particles a largo quantity of many gases, amounting in the 
case of oxygen to many times its own volume. If a jet of hydrogen 
gas be allowed to fall, in air, upon a ball of spongy platinum, the gas 
combines rapidly, in the pores of the metal, with the oxj^gen of the 
air, giving out an amount of heat which renders the platinum in- 
candescent and usually sets fire to the jet of hydrogen. 

Most solids have in ordinary circumstances a film of air adhering 
to their surfaces. Hence iron filings, if carefully sprinkled on water, 
will not be wetted, but will float on the surface, and hence also the 
power which many insects have of running on the surface of water 
without wetting their feet. The film of air in these cases jirevents 
wetting, and hence, by the principles of capillarity, produces in- 
creased buoyancy. 
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129. Air-pump. — The air-pump was invented by Otto Guericke 
about 1650, and has since undergone some improvements in detail 
which have not altered the essential parts of its construction. 

It consists of a glass or metjd cylinder called the barrel, in which 
a piston works. This piston has an opening through it which is 
closed at the lower end by a valve S opening upwards. The barrel 
communicates with a ])assage leading to the centre of a brass surface 
carefully polished, which is called the plate of the aii-])ump. The 
entrance to tlie passage is closed by a conical stopper S', at the ex- 
tremity of a metal rod which passes through the piston-head, a^id 
works in it tightly, so as to be carried up and down with the motion 



of the piston. A catch at the upjper part of the rod confines its 
motion within yery narrow limits, and only permits the stopper to 
rise a small distance above the opening. 

Suppose now that the piston is at the bottom of the cylinder, and 
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is raised. The valve S' is opened, and the air of the receiver E ruslios 
into the cylinder. On lowering the piston, the valve S' closes its 
►opening, the air which has entered the cylinder cannot return into 
the receiver, and, on being compressed, raises the valve in the piston, 
and escapes into the air outside. On raising the piston again, a por- 
tion of the air remaining in tlie receiver will pass into the cylinder, 
whence it will escape on pushing down the piston, and so on. 

We see, then, that if tliis motion be continued, a fresh }>ortion of 
the air in the receiver will be removed at each successive stroke. 
But as the quantity of air removed at each stroke is only a fraction 
of the quantity remaining, we can never produce a perfect vacuum, 
though we might approach as near to it as wo pleased if this were 
the only obstacle. 

130 . Caloi il ation of the Degr^^qf is easy to cal- 

culate the quantity of air left in the receiver after a given number 
of strokes of the piston. Let V be the volume of the cylinder, V' 
that of the receiver, and M the mass of air in the receiver at first. 
On raising the piston, the air which occupied the volume V' occupies 
a volume V'+V ; of the air thus expanded the volume V is remove<l, 

and the volume V' left, bping y7^-y of the whole quantity or mass M. 
The quantity remaining after the second stroke is after 

vqrv) strokes y ) M. Hence thej 

density and (by Boyle’s law) the pressure are each reduced .by n 
strokes to y) ' of their original values. 

We see, then, that the pressure goes on decreasing indefinitely, and 
that, consequently, the elasticity of the air* may, theoretically at least, 
be rendered less than any assigned quantity. 

131. Mercurial Gauge. — In order to follow the ^steps of tlie opera- 
tion, and to observe at each instant the elastic force of the air in the 
receiver, the in.strument is provided with a siphon-barometer, called 
the mercurial gauge, inclosed in a bell-shaped vessel of gla.ss F, and 
communicdtv)g by a stop-cock with the receiver. This barometer 
consists of a bent tube, the branches of which are about a foot in 
length ; one of these is closed and filled with mercury, the other is 
open. When the pressure of the air in the receiver becomes less than 
that represented by a column of mercury equal in length to the 
closed brancli of the gauge, the mercury falls, and the elastic force of 
the air at any mome'nt is given by the difference of level of the 
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mercury in the two branches ; this dijBference can be measured on a 
graduated scale, Tlie mercurial gauge serves to show whether the 
instrument is working properly; for instance, in the case of air, 
getting in anywhere, this would be shown by the fluctuations of the 
mercurial column. It also shows when the greatest possible effect 
has been attained, by the level of the mercury remaining stationary 
notwithstanding the motion of the piston. In theory, as we have 
said above, there is no limit to the action of the machine, and at each 
stroke of the piston the elastic force of the air should decrease; but 
in reality this is not the case, on account of the inevitable imperfec- 
tions of the apparatus ; there is always a limit, extending further in 
proportion to the excellence of the macliine, and the barometer shows 
the moment when this limit is reached. Instead of a siphon-baro- 
meter, we might have an ordinary barometer in connection with 
the receiver, and thus observe the progress of the vacuum from the 
first strokes of the piston. 

132. Admission Stop-cock. — After the receiver has been exhausted 
of air, if it was recjuircd to raise it from the plate, a very considerable 
force would be necessary, amounting to as many times fifteen pounds 
as the area of the plate contained square indies. It would, therefore, 
be in general impossible to raise the receiver. This is, however, ren- 
dered possible by means of the stop-cock R, which is shown in section 
above. It is perforated by a straight channel, which, when the 
machine is being worked, forms part of the communicating passage. 
At 90° from the extremities of this channel is anotlier opening 0, form- 
ing the mouth of a bent passage, leading to the external air. When we 
wish to admit the air into the receiver, we have only to turn the stop- 
cock so as to bring the opening O to the side n6xt the receiver; if, 
on the contrary, we turn it towards the pump-barrel, all communica- 
tion between the pump and the receiver is stopped, the risk of air 
entering is diminished, and the vacuum remains good for a greater 
length of time. This precaution is taken when we wish to leave 
bodies in a vacuum for a considerable time. Another method is to 
employ a separate plate, which can be dctaclied so as^ t© leave the 
machine available for otlier purposes. 

133. Double-barrelled Air-pump. — The machine just described has 
onl}^ a single pump-barrel ; air-pumps of this kind are sometimes 
employed, and are usually vf^orked* by a lever like a pump-handle. 
With this arrangemeiit, it is evidently necessary that the ^)iston, after 
having ascended, should descend again to expel the air from the 



DOUBLE-BARRELLED AIR-PUMP. 


187 


pump-t)lirreli and it is only after this double stroke that the operation 
can begin anew. 

• Double-barrelled pumps are more frequently used. An idea of 
their general anungement may be formed from Figs. 136, 137, and 
138. Fig. 138 gives the machine in perspective, Fig. 136 is a 
section through the axes of the pump-barrels, and Fig. 137 shows 
the manner in which communication is established between the 



receiver and the two bar- 
rels. It will be observed 
that the two passages from 
the barrels unite in a single ' 
passage to the centre of the 
plate p. 



Doublti-barrolled Air-pump. 


The piston-rods C are two racks working with the pinion P. This 
pinion is turned by a double-handed lever, which is worked alter- 
nately in opposite directions. In this arrangement, when one piston 
ascends the other descends, and consequently in each single stroke 
the air of thp receiver passes into one or other pump-barrel. A 
vacuum is thus produced by half the number of strokes which would 
be required with a single-barrelled pump. It has besides another 
advantage. In the single-barrelled pump the force required to raise 
the pistoU increases as the exhaustion proceeds, and when it is nearly 
completed th^re is the resistance of almost an atmosphere to be over- 
come;* that is, nearly 15 pounds to the square inch. In the double- 
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barrelled pump, at the moment when one piston is at 'the top, and 
the other at the bottom, the force opposing the ascent of the one is 
precisely equal to that assisting the descent of the other. We must 



Fig 1S8 —Air pump. 


observe, however, that this equality exists only at the beginning of 
the stroke ; for when one of the pistons descends, the air below it is 
compressed, its tension becoming greater and greater, until it*reaches 
that of tlio atmosphere and raises the piston- valve. At this moment 
the resistance to the ascent of the otlier piston is entirely uncompen- 
sated, and up to this point the compensation has been gradually 
diminishing. But the more nearly we approach to a perfect vacuum, 
the more slowly does the tension of the air compressed beneath the 
piston increase, so that, unlike the single-barrelled pump, it becomes 
easier to work as the exhaustion pi'oceeds. 

134. Single-barrelled Pumps with Double Action.— We do not, 
liowever, require two puihp-barrels in order to obtain double action, 
}is the same effect may be obtained with a single barrel. ' An arrange- 
ment for this purpose was long ago suggested by Delahire for water- 
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pumps; but the principle has only lately been applied to the con- 
struction of air-pumps. 

Fig. 139 represents the single barrel of the double-acting pump of 
Bianchi. It will be seen that the piston-valve opens into the liollow 
piston-rod; ft second valve, also opening upward, is placed at the 
top of the pump-barrel. Two other open- 
ings, one above, the other below, serve to 
establish communication by means of a 

and the passage to the plate. These open- 
ings are closed alternately by two conical 
stoppers at the two extremities of a metal 
rod passing through the piston, and carried 
with it in its vertical movement by means 
of friction. When the piston ascends, as 
in the figure, the upper opening is closed 
and the lower one is open; when the piston 
begins to descend, the opposite effect is 
immediately produced. Accordingly we 
see that, whichever be the direction in 
which the piston is moving, the receiver 
is being exhausted of air. In fact, when 

the piston ascends, air from the receiver will enter by the lower 
opening, and the air above the piston will be gradually compresse<l, 
and will finally escape by the valve above. In the descending move- 
ment, air will enter by the upper opening, and the compressed air 
beneath the piston will escape by’the piston-valve. The movement 
of the piston is produced by a peculiar arrangement shown in Fig. 
140, which gives a general view of the apparatus. 

The pump-barrel, which is composed entirely of cast-iron, oscillates 
about an axis passing through its base. On the top are guides in 
which the end of a crank travels. The pump is worked by turning 
a heavy fly-wheel of cast-iron, on the axis of which is a pinion which 
drives a tootlied wheel on the axis of the crank. The end of the 
crank is attached to the extremity of the piston-rod. It is evident 
that on turning the fly-wheel the pump-barrel will oscillate from side 
to side, following the motions of tho crank, and the piston will alter- 
nately ascenfj. and descend in the barrel, the leiigth of which should 
be eqiial to the diameter of the circle described by the end of the 
crank! 
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186 . Various Experiments with the Air-pump,— At tlio time when 
the air-pump was invented, several experiments were devised to 
show the effects of a vacuum, some of which have become classical, 
and are usually repeated in courses of experimental physics. 

Experiment of the Bm^st Bladder . — On the plate of an air-pum j) is 
placed a glass cylinder open at the bottom, and having a piece of 
bladder tightly stretched over the top. As the exhaustion proceeds, 
the bladder bends inwards in consequence of the atn^ospheric pressure 
above it, and finally bursts with a loud re{)ort. 

It often hay)pens that, notwithstanding the strong exterior pressure, 
the bladder does not give way, its molecules preserving their equi- 
librium of cohesion. But 
this equilibrium is, so to 
speak, unstable, and a few 
taps are sufficient to de- 
stroy it and cause the 
bladder to burst. 

Magdeburg Hemispheres. 

— We take two hemi- 
spheres (Fig 142), which 
can be exactly fitted on 
each other ; their exact 
adjustment is further as- 
sisted by a projecting in- 
ternal rim, which is smear- 

ed with lard. The appa- Burst Bladder. Magdeburg llemiiiphoros. 

ratus is exhausted of air 

through the medium of the stop-cock attached to one of the hemi- 
spheres, and when a vacuum has|ibcen produced, it will be found 
that a considerable force is required to separate the two parts, and 
this force increases with the size of the liemispheres. 

Tliis resistance to a force of separation is due to the normal ex- 
terior pressure of the air on every point of the surface, a pressure which 
is counterbalanced by only a very feeble pressure from the interior. 
In order to estimate the resultant effect of these different pressures, 
let us suppose that the external surface, instead of being spherical, is 
formed of a series of steps; that*is to say, of alternate vertical and 
horizontal (Jementa It is evident that the pressures exerted upon 
these latter will have no influence upon the adhesion of the hemi- 
spheres ; the first alone produce this effect, and the sum of these is 
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evidently equal to the pressure of the atmosphere upon the circular 
area forming the common base of the hemispheres. For example, if 
this area is ten square inches, the hemispheres will be pressed agaiusf 
each other with a force of 1 50 pounds. 

Fountain in Vacuo . — The apparatus for this experiment consists 
of a bell-shaped vessel of glass (Fig. 143), the base of which is pierced 

by a tube fitted with 
a stop -cock which 
enables us to exhaust 
the vessel of air. If, 
after a vacuum has 
been j)roduced, we 
place the lower end 
of the tube in a vessel 
of water, and open the 
stop-cock, tke liquid, 
being pressed exter- 
nally by the atmo- 
sphere, mounts up the 
tube and ascends in a 
jet into the interior 
of the vessel. This 
experiment is often 
made in the opposite 
manner. Under the 
receiver of the air- 
pump is placed a vial 
partly filled with water, and having its cork pierced by a tube open 
at both ends, the lower end beii^ beneath the surface of the water. 
As the exhaustion proceeds, the air in the vial, by its excess of pres- 
sure, acts upon the liquid and makes it issue in a jet. 

136. Limit to the Action of the Air-pump. — We have said above 
(!;} 131) that the air-pump does not continue the process of/arefaction 
indefinitely, but that at a certain stage its effect ceases, and the 
tension of the air in the receiver undergoes no further diminution. 
If the pump is very badly made, this tension is considerable; but 
even with the most perfect machines it is always sensible. A pump 
such as we have desicribed may be considered as verjj good if it 
reduces the tension of the air in the receiver to one-fiftieth of an inch 
of mercury: it is very rarely that a lower limit is reached. 



Fig. 143. — Fouiitaiii in Vacuo. 
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Leakage. — This limit to the action of the machine is due to various 
causes. One of these is evidently the leakage at different parts of 
the apparatus. It is impossible to prevent the air from getting in at 
several points; and although at the beginning of the operation the 
quantity of air which thus enters is small in comparison vdth tliat 
which is pumped out, still, as the exhaustion proceeds, the air enters 
ffister, on account of the diminished internal pressure, and at the 
same? time the quantity expelled at each stroke becomes less, so that 
at length a point is reached at which the inflow and outflow are 
equal. 

Space untravehsed by Piston. — Another reason of imperfect 
exhaustion is that, after all possible precautions, a space is still left 
between the bottom of the pump-barrel and the lower surface of the 
piston when the latter is at the end of its downward stroke. It is 
evident that at this moment the air contained in this initmvevscd 
space is of the same tension as the atmosphere. On raising the 
piston, this air is indeed rarefied; but it still j)reservcs a certain 
tension, and it is evident that when the air in the receiver has been 
brought to this stage of rarefaction, the machine will cease to produce 
any effect. 

If V is the volume of this space, V the volume of the pump-barrel, | 
the air, which at volume v has a tension H equal to that of the 

atmosphere, will have, at volume V, a tension equal to Hy. This 
gives the limit to the action of the machine as deduced from the con- 
sideration of the untra versed space. 

Air given out by Oil. — Finally, perhaps the most imj)ortant cause, 
and the most difiicult to remedy, is the absor])tion of air by the oil 
used for lubricating the pistons. This oil is poured on the top of the 
piston, but the pressure of the eifternal air forces it between the 
])iston and tlie barrel, wlience it fails in greater or less quantity to 
the bottom of the barrel, where it absorbs air, and partially yields it 
up at the moment when the piston begins to rise, thus evidently 
tending to ^derange the working of the machine. It has been 
attempted to* get rid of untraversed space by employing a kind of 
piston of mercury. This has also the advantage of fitting the barrel 
more accurately, and thus preventing the entrance of air. The use 
of oil is at the same time avoided, •and we thus escape the injurious 
effects mentioned above. We proceed to describe two machines 
founc^ed upon this principle. 
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137. Kravogrs Air-pump. — This contains a hollow glass cylinder 
AB tapering at the upper end, and surmounted by a kind of funnel. 
The piston is of the same shape as the cylinder, and is covered witl\ 
a layer of mercury, whose depth over the point of the piston is about 



Fig. 145.— KravogVi Airpmnp. 


Tj^yth of an inch when the piston is at tlie bottom of its stroke, but is 
nearly an inch when the' piston rises and fills the funnel-shaped 
cavity in which the pump-barrel terminates. A small interval, filled 
by the liquid, is left between the barrel and the piston; but et the 
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bottom of the barrel the piston passes through a leather box care- 
fully made, so as to be perfectly air tight. 

. The air from the receiver passes through the lateral opening e ; it 
is driven before the mercury into the funnel above. With the air 
passes a certain quantity of mercury, which is detained by a steel 
valve c at the narrowest part of the funnel. This valve rises auto- 
matically when the surface of the mercury is at a distance of about 
half an inch from the funnel, and falls back into its former position 
when the piston is at the end of its upward stroke. In the down- 
ward stroke, when the mercury is again half an inch from the funnel, 
the valve opens again and allows a portion of the mercury to pass. 

The effect of this arrangement is easily understood; there is no 
‘‘untraversed space,’* the presence of the mercury above and around 
the piston causes a very complete fit, and excludes the external air; 
and hence the machine, when well made, is very effective. 

When this is the case, and when the mercury used in the apparatus 
is perfectly dry, a vacuum of about -jl-^th of an inch can be obtained. 
The dryness of the mercury is a very important condition, for at 
ordinary temperatures the elastic force of the vapour of water has a 
very sensible value. If we wish to employ the full powers of the 
machine, we must have, between the vessel to be exhausted of air 
and the pump-barrel, a desiccating apparatus. 

The arrangement of the valve e is peculiar. It is of a conical form, 
so as, in its lowest position, to permit the passage of air coming from 
the receiver. Its ascent is produced by the pressure of the mercury, 
which forces it against the conical extremity of the passage, and the 
liquid is thus prevented from escaping. 

Tlie figure represents a double-barrelled machine analogous to the 
ordinary air-pump. Besides the pinion working with the racks of 
the pistons, there is a second smaller pinion, not shown in the figure, 
which governs the movements of the valves c. All the pai ts of this 
machine, as the stop-cocks, valves, pipes, &c., must be of steel, to avoid 
the action which the mercury would have upon any other metal. 

138. GeisSlQ^r’s Machine. — Geissler, of Bonn, has invented a mer- 
curial air-pump, in which the vacuum is produced by communication 
of the receiver with the Torricellian vacuum. Fig. 146 represents 
tliis machine as constinicted by Alvergniat. It consists of a vertical 
tube, which serves as a barometric tube, and communicates at the 
bottom, by means of a caoutchouc tube, with a globe which serves as 
the cistern. 
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At the top of the tube w a three-way stop-cock, by which com- 
munication can be established either with the receiver to the left, or 
with a funnel to the right, which latter has an ordinary stop-cock 



at the bottom. By 
means of another stop- 
cock on the left, com- 
munication with the 
receiver can be opened 
or closed. These stop- 
cocks are made entirely 
of glass. The machine 
works in the following 
manner: communication 
being established with 
the funnel, the globe 
which serves as cistern 
is raised, and placed, as 
shown in the figure, at 
a higher level than the 
stop-cock of the funnel. 
By the law of equili- 
brium in communicat- 
ing vessels, the mercury 
fills the barometric tube, 
the neck of the funnel, 
and i>art of the funnel 
itself. If the communi- 
cation between the fun- 
nel and tube be now 
stopped, and the globe 
lowered, a Torricellian 
vacuum is produced in 
the upper part of the 
vertical tqbe. 

Comm unication is 


now opened with the receiver; the air rushes into the vacuum, 
and the column of mercury falls a little. Communication is now 
stopped between tlie tube and receiver, and opened between the 
tube and the funnel, the simple stop-cock of the funnel^ being, how- 
ever, left shut. If at this moment the globe is replaced in the“posi- 
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tion shown in the figure, the air endeavours to escape by the funnel, 
and it is easy to allow it to do so. Tlius, a part of the air of the 
receiver has been removed, and the apparatus is in the same position 
as at the beginning. The operation described is equivalent to a 
stroke of the piston in the ordinary machine, and this process must 
be repeated till the receiver is exhausted. 

As the only mechanical parts of this machine are glass stop-cocks, 
which are now executed with great# perfection, it is capable of giving 
very good results. With dry mercury a vacuum of ^iij-th of an inch 
may very easily be obtained. The working of the machine, how- 
ever, is inconvenient, and becomes exceedingly laborious when the 


receiver is large. It is therefore 
employed directly only for pro- 
ducing a vacuum in very small 
vessels ; when the spaces to be 
exhausted of air are at all large, 
the operation is begun with the 
ordinary machine, and the mer- 
curial air-pump is only em- 
ployed to render the vacuum 
thus obtained more perfect, 

138 a. Sprengel’s Air-pump. — 
This instrument, which may be 
regarded as an improvement 
upon Gcisslcr’s, is represented 
in its simplest form in Fig. 
1 k) A. cd is A glass tube longer 
than a barometer tube, down 
which mercury is allowed to 
fall from the funnel A. Its 
lower end dips into the glass 
vessel B, into which it is fixed 
by means of a cork. This vessel 
has a spout At its side, a few 
millimetres higher than the 


A 



lower end of the tube. The 

VM. ^ Fig. 140 A.— Sprengel*# Air-pump. 

first portions of mercury whicli 

run down Myll consequently close the tube, apd prevent the pos- 
sibility of air entering it from below. The upper paif) of cd 
branches off at x into a lateral tube communicating with the re- 
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ceiver R, which it i» required to exhaust. A convenient height for 
the whole instrument is six- feet. The funnel A is supported by .a 
ring as shown in the figure, or by a board with a hole cut in it. The 
tube cd consists of two parts, connected by a piece of india-rubber 
tubing, which can be compressed by a clamp so as to keep the tube 
closed when desired. As soon as the mercury is allowed to run 
down tlie exhaustion begins, and the whole length of the tube, from 
X to d, is seen to be filled with cylinders of mercury separated by 
cylinders of air, all moving downwards. Air and mercury escai)e 
through the spout of the bulb B, which is above the basin H, where 
the mercury is collected. This has to be poured back from time to 
time into the funnel A, to pass through the tube again and again 
until the exhaustion is completed. 

As the exhaustion is progressing, it will be noticed that the inclosed 
air between the mercury cylinders becomes less and less, until the 
lower part of cd presents the aspect of a continuous column of mer- 
cury about 30 inches high. Towards this stage of the operation a 
considerable noise begins to be heard, similar to that of a shaken 
water-hammer, and common to all liquids shaken in a vacuum. The 
operation may be considered completed when the column of mercury 
does not inclose any air, and when a drop of mercury falls upon the 
top of this column without inclosing the slightest air-bubble. Tlie 
height of this column now corresponds exactly with the height of the 
column of mercury in a barometer; or, what is the same, it represents 
a barometer whose vacuum is the receiver R and connecting tube. 

Dr. Sprengel recommends the employment of an auxiliary air-pump 
of the ordinary kind, to commence the exhaustion when time is an 
object, as without this from 20 to 30 minutes are required to exhaust 
a receiver of the capacity of half a litre. As, however, the employ- 
ment of the auxiliary pump involves additional connections and in- 
creased leakage, it should be avoided when the best possible exhaus- 
tion is desired. The fall tube must not exceed about a tenth of an 
inch in diameter, and special precautions must be employed to make 
the india-rubber connections air-tight. (See Chemical Journal for 
1805, p. 9.) 

By this instrument air has been reduced to atmospheric 

density, and the average exhaustion attainable by its use is about 
one-millionth, which, is equivalent to *00003 of an inch of mercury. 

139. Double Exhaustion. — In the mercurial machines just described 
^liere is no “untra versed space,'' as the liquid completely expels all 
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the air from the pump-barreL These machines are of very recent 
invention. Babinet long before introduced an arrangement for the 
purpose, not of getting rid of this space, but of exhausting it of air. 

For this purpose, when the machine ceases to work with the ordi- 
nary arrangement, the communication of the receiver with one of 
the pump-barrels is shut off, and this barrel is employed to exhaust 
tlie air from the other. This change is effected by means of a stop- 
cock at the point of junction of tlie passages leading from the two 
barrels (Fig. 147). The stop-cock has a T-sliaped a])erture, the point 
of intersection of the two branches being in constant communication 
with the receiver. In a differ- 
ent plane from that of the T- 
shaped aperture is another 
aperture mn, wliich, by means 
of the tube Z, establishes com- 
munication between the pump- 
barrel B and the communicat- 
ing passage of the pump-barrel 
A. From this explanation it 
will be seen that if the stop- 
cock be turned as shown in the 
first figure, the two pump-bar- 
rels both communicate with the 
receiver, and the operation pro- 
ceeds in the ordinary manner. 

But if the stop- cock be turned Fig. i jt,— B abinet’» Doubly-oxhausting Stoi)-ot)ck. 
through a quarter of a revolu- 
tion, as shown in the second figure, tlie ])ump-barrel B alone com- 
municates with the receiver, while it is itself exhausted of air by the 
barrel A. 

It is easy to express by a formula the effect of this double 
exhaustion. Suppose the pump to have ceased, under the ordinary 
method of, working, to produce any farther exhaustion, the air in 

the receiver has therefore reached a teftsion nearly equal to 

(§ 136). At this moment the stop-cock is turned into its second 
position. When the piston B (^escends, the piston A rises, and the 
air of the untraversed space in B is drawn into A and rarefied. 
During the inverse operation the air in A is prevented from returning 
to S, and thus the rarefied air from B, becoming still further rarefied, 
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will draw a fresh quantity of air from the receiver. This air will 
then be driven into A, wliere it will be compressed by the descending 
movement of tlie piston, and will find its way into the air outside.^ 

This double exhaustion will itself cease to work when air ceases to 
pass from the pump-barrel B into the pump-barrel A. Now when 
the piston in this latter is raised, the elastic force of the air which 

wtis contained in its *‘un traversed space” is equal to Hy, for on the 

last opening of the valve, the air in this space escaped into the atmo- 
sphere. On the other hand, when the piston in B is at the end of its 
upward stroke, the tension of the air is the same as in the receiver. 
Let this be denoted by a?. When the piston in B descends the air is 
compressed into the “un traversed space” and the passage leading to 
A. Let the volume of this passage be I, Then the tension will 

increase, and become x When the machine ceases to produce 

any farther effect, tliis tension cannot be greater than that in the 
pump-barrel A, which is we liave thus, to determine the limit 
to the action of the pnmp, the equation 

Y 4- Z V 

X- : whence 

V + t V’ 

V -f / 

^ - H-y 

140. Air-pump with Free Piston. — We shall describe one more 
air-pump, consti’ucted by Deleu il, and founded upon an interesting 
principle. We know that gases possess a remarkable power of ad- 
hesion for solids, so that a body ])laccd in the atmosphere may be 
considered as covered with a very thin coat of air, forming, so to 
speak, a permanent envelope. On account of this circumstance, gases 
find very gi'eat difficulty in moving in very naiTow spaces. On these 
facts depends the principle of what is called the air-pump with free 
piston. 

The piston P (Fig. 149), which is composed entirely of metal, is of 
a considerable length, and on its outer surface is a series .of parallel 
circular grooves very close together. It does not touch the pump- 
bari’el at any point; but the distance between the two is very small, 
about 001 of an inch. This free piston is surrounded by a cushion 
of gas, which forms its only stuffing, and is sufficient to enable the 

^ It will be observed that during the process of double exhaustion the piston of B behaves 
like a solid piston ,* its valve never opens, because the pressure below it is always lesstthan 
Htnioapheric. 
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machine to work in the ordinary manner, notwithstanding the ’per- 
manent communication between the upper and lower surfaces of the 
piston. This machine gives a vacuum about as good as is obtainable 

by ordinary pumps, and it has the 
important advantages of not requir- 
ing oil, and of having less friction. 
It consequently wears better, and is 
lass liable to the development of 
heat, which is a frequent source of 
annoyance in air-pumps. It is 
single-barrelled with double action, 
like Bianchi’s. The two openings S 
and S' are to admit air from the 
receiver ; they are closed and opened 
alternately by conical stoppers at 
the ends of the rod T, which passes 
through the piston, and is carried 
with it by friction in its movement. 
They communicate with tubes which 
Unite at R' with a tube leading from 
the receiver. A and A' arc valves 
for the expulsion of the air, which 
escapes by tubes unijbing at R. The 
alternate movement of the piston 
is produced by what is called Dela- 
hire's gearing. This depends on 
the principle, that when a circle 
rolls without sliding in the interior 

Pitjtou aud Ban^l of Dolouirs Air-iiump, (^"UOtlter circlc of douhlc the did- 

\ meter, any point on the circmri’^ 

ference of the rvlling circle describes a diameter of the fixed circle. 
In order to utilize this property, the end of the piston-rod is jointed 
to tlio extremity of a piece of metal which is rigidly attached to the 
pinion P, the joint being exactly opposite the circumference of the 
pinion. This latter is driven by a fly-wheel with suitable gearing, 
and works with the fixed wheel E, which is toothed on the inside. 
Thus the piston will freely, and wthout any lateral effort, describe 
a vertical line, the length of the stroke being equal to the diameter 
of the fixed wlieel. 

141, Condensing Pump. — It can easily be seen from the description 
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of the air-pump, that if the expulsion-valves were connected with a 

tube communicating with a reservoir, the air removed by the puin)) 

would be forced into this 

reservoir. This communi- ^ 

cation is established in the < } 

instrument just described. 

If, therefore, K' be made 
to communicate with the • 

external air, this air will m w 

be continually drawn in at |U 

that point and forced back H 

into the reseivoir con- rig, 150. — Barrel of Coiuionsing ruiup, jP 

iiected with R, so that the i I 

instrument will adt as a li! 

condensing pump. The condensing TT" 

pump is thus seen to be the same 

instrument as the air-pump, the ^||| » 

only difference being that the re- 

ceiver is connected with the expul- M 

sion- valves, instead of with the exhaustion- valves; it 
is thus, so to speak, the air-pump reversed. 

This fact can be very v^ell seen in the structure of 
a small pump frequently employed in the laboratory, , 
and represented in Fig. 150. 

At the bottom of the pump-barrel are two valves, 
communicating with two scj)arate reservoirs, that 
on the leff being an admission-valve, and that on coiia!nBing imiui* 
the right an expulsion-valve. 

When the piston is now raised, rarefaction is produced in the re- 
servoir to the left; and when it is pushed down, the air in the re- 
servoir to the right is compressed. 

142. In Fig. 151 is represented a condensing pump often employed. 
At the bottom of tlie pump-barrel is a valve h opening downward; 
in a laterdl tube is an admission-valve a opening inward. The 
position of these valves is shown in the figure. They are conical 
metal stoppers, fitted with a rod passing through a hole in a small 
plate behind, an arrangement which prevents the valve from over- 


Fig. ir.i. 

C'ouUciiHing ] *11111 


turning. The rod is surrounded by a small spiral spring, which keeps 
the valve pressed against the opening. If now the lower part of the 
pump-barrel be screwed upon^a reservoir, at each upward stroke of 
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the piston the barrel will be filled with air through the valve a, and 
at every downward stroke this air will be forced into the reservoir. 

If the lateral tube be made to communicate with a bladder or gas- 
holder filled with any gas, this gas will be forced into the reservoir, 
and compressed. 

143. Calculation of the Effect of the Instrument. — The density of 
the compressed air after a given number of strokes of the piston may 
easily bo calculated. If v be the volume of the pump-barrel, and V 
that of the reservoir; at each stroke of the piston there is forced into 
the reservoir a volume of air equal to that of the pump-barrel, which 
gives a volume nv at the end of n strokes. The* air in the re- 
servoir, accordingly, which when at atmospheric pressure had den- 
sity 1), and occupied a volume V j-n-v, will, when the volume is 

reduced to V, have the density D— and the pressure will, by 
Boyle's law, be atmospheres. 

If this formula were rigorously applicable in all cases, there would 
be no limits to the pressure attainable, except those depending on 
the strength of the reservoir and the motive power available. 

But, in fiict, the untraversed space left below the piston when at 
the end of its downward stroke, sets a limit to the action of the 
instrument, just as in the common air-pump. For when the air in 
the barrel is reduced from the volume of the barrel v to that of the 

un traversed space v, its tension becomes H~,, and this air cannot 

pass into the reservoir unless the tension of the air in the reservoir 
is less than tliis quantity. This is accordingly the utmefst limit of 
coiiq)ression that can be attained. 

We must, however, carefully distinguish between the effects of 
untraversed space in the air-pump and in the compression-pump. 
In the first of these instruments the object aimed at is to rarefy the 
air to as great a degree as j)Ossible, and untraversed space must con- 
secpiently be regarded as a defect of the most serious importance. 

The object of the condensing pump, on the contraiy, ’is to corn- 
press the air, not indefinitely, but up to a certain point. Thus, for 
instance, one pump is intended to give a compression of five atmo- 
spheres, another of ten, &c. In eachi of these cases the maker pro- 
vides that this limit shall be reached, and accordingly the untraversed 
space can have no injurious effect beyond increasing the number, of 
strokes required to produce the desired amount of condensation. 
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144. Various Contrivances for producing Compression. — In order to 
expedite the process of compression, several pumps such as we have 
described are combined, which may be done in various ways. Fig. 
152 represents the system employed by Regnault in bis investi- 
gations connected with Boyle’s law and the elastic force of vajKmr. 
It consists of three pumps, the piston-rods of which are jointed to 



Fig. 162. — Connocted Pumps. 


three cranTae on a horizontal axle, by means of three connecting-rods. 
This axle, which cai'ries a fly-wheel, is turned by means of one or 
two handles. The different admission-valves are in communication 
with a single reservoir in connection with the external air, and the 
compressed gas^ is forced into another reservoir which is in communi- 
cation with the experimental apparatus. 

A serious obstacle to the working of these instruments is the heat 
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generated by the compression of the air, which expands the different 
parts of the instrument unequally, and often renders the piston so 
tight that it can scarcely be driven. In some of these instruments 
which are employed in the arts, this inconvenience is lessened by 
keeping the lower valves covered with water, which has the addi- 
tional advantage of getting rid of ‘‘untraversed space.” In this way 
a pressure of forty atmospheres may easily be obtained with air. 
Air may also be compressed directly, without the intervention of 
}>umi)s, when a sufficient height of water can be obtained. It is only 
necessary to lead the liquid in a tube to the bottom of a reservoir 
containing air. Tliis air will be compressed until its tension exceeds 
that of the atmosphere by the amount due to the height of the sum- 
mit of the tube. It is by a contrivance of this kind that the com- 
pressed air is obtained which drives the boring-machines employed 
in the tunnel through Mont Cenis. 

146. Practical Applications of the Air-pump and of Compressed Air. 
— Besides the use made of the air-pump and the compression-pump 
in the laboratory, these instruments are variously employed in the 
arts. 

The air-pump is emjdoyed by sugar-refiners to lower the boiling 
point of tlie syrup. Compression-pumps are used by soda-water 
mJinufacturers to force the carbonic acid into the reservoirs contain- 
ing the water wliich is to be aerated. The small apparatus described 
above (Fig. 151) is sufficient for this purpose; it is only necessary to 
fill the side-vessel with carbonic acid, and to pour a certain quantity 
of water into the reservoir below. Compressed air has for several 
years been employed to assist in laying tlie foundations of bridges in 
rivers where the sandy nature of the soil requires very deep excava- 
tions. Large tubes called caissons, in connection with a condensing 
pump, are gradually let down into the river; the air by its pressure 
keeps out the water, and the workmen, who are admitted into the 
apj)aratus by a sort of lock, are thus enabled to walk on dry ground. 

In pneumatic despatch tubes, which have recently been established 
in many places, a kind of train is employed, consisting of a piston 
preceded by boxes containing the despatches. By exhausting the 
air at the forward end of the tube, or forcing in compressed air at 
the other end, the train is blown through the tube with great velo- 
city. 

The atmospheric railway, which was for a few years in existence, 
was worked upon the same principle : an air-tight piston travelled 
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through a fixed tube, and was connected by an ingenious arrange- 
ment with the train above. 

Excavating machines driven by compressed air are coming into 
extensive use in mining operations. They have the advantage of 
assisting ventilation, inasmuch as the compressed air, whicli at each 
stroke of the machine escapes into the air of the mine, cools as it 
expands. 

In the air-gun the bullet is projected by a portion of compressed 
air which, on pulling the trigger, ’escapes into the barrel from a re- 
servoir in which it has been artificially conApressed. 

We may add that the lai'ge mjichines employed in iron-works for 
supplying air to the furnaces, are really compression-pumps. 
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146. The Baroscope. — Atmospheric air exerts, as we have already 
mentioned (§ 101), an upward pressure on bodies surrounded by it. 
This pressure, according to the principle of Archimedes, which applies 
to gasfes as well as to liquids, is equal to the weight of the air dis- 
placed. Hence it follows tliat the weight of a body in the air is not its 
actual weight, but differs from it by a quantity equal to the upward 
pressure on the body. This principle is illustrated by the baroscope. 

This is a kind of balance, the beam of which supports two balls of 
very unccjual sizes, which balance each other in the air. If the 

apparatus is placed under the re- 
ceiver of an air-pump, after a few 
strokes of the piston, the beam will 
be seen to incline towards the larger 
ball, and the inclination will in- 
crease as the exhaustion proceeds. 
The reason is that the air, before it 
was pumped out, produced an up- 
ward pressure, which is now re- 
moved. The weight of each ball is 
thus increased by that of an equal 
volume of air, whose density is the 
difference between the- densities at 
tlie beginning and end of the experiment. This addition is greater 
for tlie larger ball, wliicli therefore preponderates. 

If after exhausting the ,air, carboi^ic acid, which is heavier than air, 
were allowed to enter the receiver, the large ball would |ie subjected 
to a greater increase of upward pressure than the small one, and the 
beam would incline to the side of the latter. 



Fig. 153.~>niiroscope. 


BALLOONS. 


209 


147. Balloons. — Suppose a body to be lighter than an equal volume 
of air, then this body will rise in the ati;nosphere. For example, if 
we fill soap-bubbles with hydrogen, and shake them oft* from the end 
of the tube at which they are formed, they will be seen, if sufficiently 
large, to ascend in the . air. This curious experiment is due to the 
philosopher Cavallo, who announced it in 1782.^ 

The same principle applie| to balloons, which may essentially be 
reduced to an envelope inclosing gas lighter than air. In conse- 
(juerice of this difference of density, we can always, by taking a 



Fig. 164.— Aaceut of Soap-bubbles flilod with Hydrogen. 


sufficiently large volume, make the weight of the gas and containing 
envelope less than that of the air displaced. In this case the balloon 
will ascend. 

The invention of balloons is due to the brothers Joseph and Stephen 
Montgolfier. ’ .The balloons made by them were globe-shaped, and 

^ The first idea of a balloon must be attributed to Francisco de Lana, who, about 
1670, proposed to exhaust the air in glol^es of copper of sufficient size and thinness to weigh 
less, under these ctmditions, than the air dispjaced. The experiment was not tried, and 
would certainly not liave succeeded, for the pressure of the atmosphere would have caused 
the globes to collapse. The theory, however, wa.s thoroughly Understood by the author, 
who n^de an exact calculation of the amount of force tending to make the globes aeccnd. 
— Z). 


14 
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constructed of paper, or of paper covered with cloth, the air inside 
being rarefied by the action of heat. It is curious to remark that in 
their first attempts they employed hydrogen gas, and showed that 
balloons filled with this gas could ascend. But as the hydrogen 
readily escaped through the paper, the flight of the balloons was 
short, and thus the use of hydrogen was abandoned, and hot air was 
alone employed. 

The name montgolfieres is stil] applied in France to fire-balloons. 
They generally consist of an envelope with a wide opening below, 



Fig. ISO.™ Fire-balloon of rilatre de Uozior. 

under wliicli is hung a brazier,' ip which, at the moment of ascent, 
combustibles are placed, and the ascending power of the balloon is 
thus kept up for some time. 

The first public experiment of the ascent of a balloon was per- 
formed at Annonay on the 5th June, J783. On October 21st of the 
same year, Pilatre do Rozier and the Marquis d’Arlandes achieved 
the first aerial voyage in a fire-balloon, represented in our figure. 

Charles proposed to reintroduce the use of hydrogen by employing 

* A sponge, dipped in spirits of wine, and ignited, is frequently employed as the source 
of heat, and Ib fixed in its place by a light wire-frame. 
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an envelope impermeable to the gas. This is usually made of silk 
varnished on both sides, or of two sheets of silk with a sheet of india- 
rubber between. Instead of hydrogen, coal-gas is now generally 
employed, on account of its cheapness and of the facility with which 
it can be procured. 

148. Buoyancy. — The buoyancy or lifting power of a balloon is the 
difterence between its weight and that of the air displaced. It is 
easy to compare the three modes .of inflation with rcsjoect to the 
buoyancy which they respectively afford. 


A cubic metre of air weighs 1*300 gramJn<^‘^. 

A cubic metre of hydrogen *081) 

A cubic metre of coal-gas alxuit 700 ,, 

A cubic metro of air heated to 200° Cent *800 ,, 


We thus see that the buoyancy per cubic metre with hydrogen is 
1*211, with coal-gas *550, and with hot air about ‘500 grammes, li', 
for instance, the total weight to be raised is estimated at 1500 
grfimmes, the volume of a balloon filled with hydrogen ea])able of 

raising the weight will be ^—^^=1239 cubic metres. If coal-gas were 

employed the required volume would be “^ — 2727 cubic metres. 

The car in which the aeronauts sit is usually made of wicker-work 
or whalebone. It is sustained by cords attached to a net-work 
covering the entire upper half of the balloon, so as to distribute the 
weight as evenly as possible. The balloon terminates below in a 
kind of neck opening freely into the mr. At the top there is anotlier 
opening in the inside, which is closed by a valve held to by a sy)ring. 
Attached to the valve is a cord which passes through the interior of 
the balloon, and hangs above the car within reach of the hand of the 
aeronaut. 

When the aeronaut wishes to descend, he opens the valve for a 
few moments and allows some of the gas to escape. An important 
))art of the equipment consists of sand-bags for ballast, which are 
gradually emptied to check too rapid descent. In the figure is 
represented a Contrivance called a parachute, by means of wliich the 
descent is sometimes effected. This is a kind of large umbrella with 
a hole at the tpp, from the circumference of which hang cords sup- 
porting a small car. When the parachute is left to itself, it opens 
out, and the, resistance of the air, acting upon a large surface, 
moderated the rate of descent. The hole at the top is essential to 
safety, as it affords a regular passage for. air which would otherwi.se 
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escape from time to time from under the edge of the parachute, thus 
producing oscillations which might prove fatal to the aeronaut. 

One very important precaution to be observed is not to inflate the 

balloon completely at the 
commencement of the ascent. 
The reason is, that the at- 
mospheric pressure diminish- 
ing as the balloon ascends, 
the expansive power of tlie 
gas contained produces an 
increasing effect, as in the ex- 
periment described in § 38, 
and the result would pro- 
bably be the bursting of tlie 
balloon. As the balloon as- 
cends, it increases in volume ; 
but until it is coinidetely 
inflated, the buoyancy re- 
mains constant. Suj^pose, 
for instance, that the atmo- 
spheric pressure is reduced 
l>y one- half, the volume of 
the balloon will be doubled; 
it will thus disj)lace a volume 
of air twice as great as before, 
but the density pf this air 
will only be Intif as much, 
so that the buoyancy remains 
the same. This conclusion, 
however, is not quite exact, because part of the balloon, as the cords, 
the car, &c., are of invariable volume; the density of the air displaced 
by them is constantly diminishing, and consequently the buoyancy 
diminishes also. If the balloon continues to rise after it is com- 
pletely inflated, its buoyancy diminishes rapidly, becomrtng zero when 
a stratum of air is reached in which the weight of the volume dis- 
placed is equal to that of the balloon itself. It is carried past this 
stratum in the first instance in virtue of the velocity which it has 
acquired, and finally, comes to rest in it after a number oscillations. 

149. Theory of the Balloon. — The tension of the air in this stratum, 
the radius of the balloon, and the weight of the different parts, are 
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connected by a relation which can be very easily established, if we 
neglect variations of temperature, and which may serve as a guide in 
the construction of the balloon. If V be the volume of the balloon 
in litres, the weight of air displaced in grammes is' 

1-293 Vg, 

h being the pressure in the stratAim of e(][uilibrium, and H that at the 
surface of the earth. If w and v be the weight and volume of tlie 
solid parts, including the aeronauts themselves, 5 the density of the 

gas in the balloon, the equation of equilibrium will be (V+ e) 1-293 

In this equation U’ and v include the weight and volume of the 
substance composing the balloon and net-work, and tliorefore are not 
altogether independent of V, the volume of the balloon. The e(j na- 
tion is thus in reality rather complicated, but it nia}- be solved aj)proxi- 
mately by trial, or by known algebraic methods, and we may hnd 
from it the size of balloon necessary for reacliiiig a stratum of a given 
pressure; and by § 112 we can lind the lieight corresponding to this 
pressure. 

150. Effect of the Air upon the Weight of Bodies. — The upward 
pressure of the air impairs the exactness of weights obtained t*ven 
with a perfectly true balance, tending, by the principle of tlie baro- 
scope, to make the denser of two c(jual masses proj)ond crate. Idjo 
stamped weights used in weighing are, strictly si)eaking, standards of 
mass, and will equilibrate any equal masses in vacuo; but in air the 
equilibrium, will be destroyed by the greater uj)Wjird pressure of tb(^ 
«^ir upon the larger and less dense bodj^ When tlie specific gravities 
of the weights and of the hody vveighedf are known, it is easy li*om 
the apjiareut weight to deduce the true weight (that is to say, the 
mass) of the bod y. 

Let X be the real weight of a body which balances a weight rnarkedj 
P pounds. 

The apparent weight of tlie body is aJ — p a = .r (l — jj), H being^ 
the density of the body, and a that of air.“ Tlie body marked asj 

* The weight of a litre (or cubic decimetre -01 027 cubic inchcH) of dry air at tempera- 
ture 0° Cent., and pi^essure of 700 inillimetr«B of mercury, is 1‘203 grammes, Kedueed to 
British measure^this gives 32*7 grains as the weight of 100 cubic inches. 

* The value of a varies according to the temperature and pressure (see Chap, xxiii.) Its 

ordinary value is about i. (See § 100.) 
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weigliing P pounds has in air the apparent weight P — 

0”m)’ M denoting tlie density of the substance of which it is com-. 

posed. These two apparent weights balance one another; hence we 
have the equation 

•O-JHO-fi). 

wlience 

' »=pLM=pjl + a(;^_^yl nearly. 

D 

Let ns take, for instance, a piece of sulphur whose weight has been 
found to be 100 grains, the weights being of co])per, the density of 
which is 8'8. The density of sulphur is 2. 

We have, by applying the formula, 

* = 100 j i + ) I =100 05 gran, 8. 

We see then that the difference is not altogether insensible. It 
varies in sign, as the foi'mula shows, according as M or D is the 
greater. When the density of the body to be weighed is less than 
that of the weights used, the real weight is greater than the apparent 
weight; if the contrary, the case is reversed. If the body to be 
weighed were of the same density as the weights used, the real and 
a])parent "weights would be e(iual. We may remark, that in deter- 
mining the ratio of the weights of two bodies of the same density, we 
need not concern ourselves with the effect of the upward pressure of 
the air, as the correcting factor, which has the same value for both 
cases, will disappear in the quotient. 
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151, Machines for raising water liave been known from very early 
ages, and the invention of the common ])ump is pretty gem'rally 
ascribed to Ctesibius, teacher of the celebrated Hero of Alexandria ; 
but the true theory of its action was not understood till the time of 
Galileo and Torricelli. 

152, Reason of the Rising of Water in Pumps. — Suppose wo take a, 
till >0 with a piston at the bottom, and immerse the lower end of it 
in water. The raising of the ])iston tends 
to produce a vacuum below it, and the 
atmospheric pressure, acting upon the ex- 
ternal surface of the liquid, conijicls it to 
rise in the tube and follow the upward 
motion of the piston. This upward move- 
ment of the water would take place even 
if some aip were interposed between tlie 
piston and the Avater; for on raising the 
])iston this air would be rarefii^d, and its 
pressure no longer balancing that of the 
atmosphere, this latter pressure wouhl cause 
the liquid to ascend in a column, whose 
weight, added to the pressure of the air 
below the 'piston, would be equal to the 
atmospheric? pressure. This is the principle 
on which water rises in pumps. Tliese in- 
struments have a considerable variety of 
forms, of which we shall describe* the most 
important types. 

153, Suction-pump. — The suction-pump consists of a C3dindrical 


Fig. 157.'— Friuciplo of Saotioii puiup. 
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pump-barrel traversed by a piston, and communicating by means of 
a smaller tube, called the suction-tube, with the water in the pump- 
well. At the junction of the pump- barrel and the tube is a valve ^ 
opening upward, called the suction-valve, and in the piston is an 
opening closed by another valve, also opening upward. 

Suppose now the suction-tube to be filled with air at the atmo- 
spheric pressure, and the water consequently to be at the same level 

inside tl)ie tube and in the well. Suppose 
the piston to be at the end of its downward 
stroke, and to be now raised. This motion 
tends to produce a vacuum below the pis- 
ton, hence the air contained in the suction- 
tube will open the suction-valve, and rush 
into the pump -barrel. Its elastic force 
being thus diminished, the atmospheric 
pressure will cause the water to rise in tlie 
tube to a height such that the pressure due 
to this hejight, increased by the pressure 
of the air inside, will exactly counter- 
balance the pressure of the atmosplicre. If 
the piston now descends, the suction-valve 
closes, the water remains at the level to 
which it lias been raised, and the air, being 
compressed in the barrel, opens the piston- 
valve and escapes. At the next stroke 
of the piston the water will rise still further, 
and a fresh portion of air will escape. 

If, then, the length of the suction-tube 
is less than about 30 feet, the water will, 
after a certain number of strokes of the piston, be able to reach the 
suction-valve and rise into the pump-barrel. Wlien this point lias 
been reached the action changes. The piston in its downward stroke 
compresses the air, which escapes through it, but the water also 
passes through, so that the piston when at the bottom of the pump- 
barrel will have above it all the water which has previously risen into 
the barrel. If the piston be now raised, supposing the total height to 
which it is raised to be iiiot more t^an 34 feet above the level of the 
water in the well, as should always be the case, the watqr will follow 
it in its upward movement, and Will fill the pump-barrel. In the 
downward stroke this water will be forced through the piston-valve. 



Tjg. iCS. — Suction-pump. 
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and in the following upward stroke will be discharged at the spout. 
A fresh quantity of water will by this time have risen into the j>uinp- 
barrel, and the same operations will be repeated. 

We thus see that from the time when the winter Inis entered the 
pump-barrel, at each upward stroke of the piston a volume of water 
is ejected equal to the contents of the pump- barrel. 

In order that the water may be able to rise into tlie pump- barrel, 
the suction- valve must not be n\pre than 34 feet above the level of 
the water in the well, otherwise the water would stoj) at a certain 
point of the tube, and could not be raised higher by any farther 
motion of the piston. 

Moreover, in order that the working of the pump may be such as 
we have described, that is, tliat at each upward stroke of the piston 
a quantity ,of water may be removed equal to the volume of the 
pump-barrel, it is necessary that the piston when at the top of its 
stroke should not be more than 34 feet above the water in the well. 

154. Condition that the Water may reach the Pump-barrel. — If the 
])iston does not descend to the bottom of the barrel, the water may 
fall short of rising to the suction- valve, even thougli the total heiglit 
reached by the piston be less than 34 feet. For, if the pistoy wlien 
at the end of its downward stroke leaves below it a space containing 
air, the tension which this air possesses when the piston is raised 
diminishes by a corresponding (piantity the height to which the water 
can attain. If, for instance, the length of the suction-tube is 33*5 feet, 
and the tension of the air remaining above it is, when at its least 
value, equal to the pressure of 1 foot of water, it is evident that tlie 
total height to which the water can rise will be less than 33 leet, and 
it will, in consequence, be unable to reach the puin])-barrel. 

Example. The suction-valve of a pump is at a height of 27 feet 
above the surface of the water, and the piston, the entire length of 
whose stroke is 7*8 inches, when at the lowest point is 3*1 inches from 
the fixed valve; find whether the water will be able to rise into the 
pump-barrel. 

When ' Ike piston is at the end of its downward stroke, the air 
which it leaves below it is at the atmospheric pressure ; when the 
piston is raised this air becomes rarefied, and its pressure, by Boyle’s 

law, becomes that of the atmosxihere; this pressure can therefore 
bahince a column of water whose height is 34 x feet, or 9*07 feet, 
tfence, the maximum height to which the water can attain is 34 •— 
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9 67 feet=24?*33 feet; and consequently, as the suction-tube is 27 feet 
long, the water will not rise into the pump-barrel, even supposing 
the pump to be perfectly free from leakage. 

Practically, the pump-barrel should not be more than about 25 feet 
above the surface of the water in the well; but the spout may be 
more than 34 feet above the barrel, as the water after rising above 
the piston is simply pushed up by the latter, an operation which is 
independent of atmospheric pressure. Pumps in which the spout is 
at a great height above the barrel are commonly called lift- 2 >ump 8 , 
but they are not essentially different from the suction-pump. 

155. Force necessary to raise the Piston. — The force which must be 
exj)ended in order to raise the piston, is eipial to the weight of a 
column of water, whose base is the section of the piston, mid whose 
height is that to which the water is raised. Let S be the section of 
the piston, P the atmospheric pressure upon this area, h the height of 
the column of water which is above the piston in its present position, 
and li the height of the column of water below it; then the upper 
surface of the piston is subjected to a ]u*essure equal to P + SA; the 
lower face is subjected to a pressure in the opposite direction equal 
to P~S/a', and the entire downward pressure is represented by the 
difference between these two, that is, by S (/^q-//). 

Tlie same conclusion would be arrived at even if the water had not 
yet reached the piston. In this case, let I be the height of the column 
of water raised; then the pressure below the ynston is P— S?; the 
pressure above is simply the atmospheric pressure P, and, conse- 
(jmmtly, the difference of these pressures acts downward, and its value 
is S I 

156. Efficiency of Pumps. — From the results of last section it would 
a])pear that the force required to raise the piston, multiplied by the 
height through which it is raised, i.s equal to the weight of water 
discharged multiplied by the height of the spout above the water in 
the well. This is an illustration of the principle of work (§]7a). 
As this result has been obtained from merely statical considerations, 
and on the hypothesis of no friction, it presents too favounable a view 
of the actual efficiency of the pump. 

Besides tl)e friction of the solid parts of the mechanism, there is 
work wasted in generating the velocity with which the fluid, as a 
whole, is discharged at the spout, and also in producing^ eddies and 
other internal motions of the fluid. These eddies are especially pro- 
duced at the sudden enlargements and contractions of the passages 
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through which the fluid flows. To these drawbacks must be added 
loss from leakage of water, and at the commencement of the opera- 
tion from leakage of air, through the valves and at the circumfereiu*e 
of the piston. In common household pumps, wliich are generally 
roughly made, the efficiency may be as small as *25 or *3; that is to 
say, the product of the weight of water raised, and the height 
through which it is raised, may be less than the work done in driving 
the pump in the ratio of one of these numbers to unity. 

In Figs. 159 and IGO are shown the means usually employed for 


working the piston. The first 



Fig. 159. Siwiion 


figure needs no explanation; it \vill 
be seen that the ujiward and 
downward movement of the ])i.s- 
ton is efft^cted by mean.s of a l6ver. 
The second figure represents an 
arrangement often emj)loyed, in 
which the alternate motion of 



tile piston is effected by means of a rotatory motion. For this 
purpose the piston-rod T is joined by means of the connecting-rod 
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B to the crank C of an axle turned .by a handle attached to tlie fly- 
wheel V. 

167. Porcing-pump. — The forcing-pump consists of a pump-barrel 
dipping into water, and having at the bottom a valve opening up- 
ward. In communication with 
the pump-barrel is a side-tube 
with a valve at the point of 
junction opening from the 
barrel into the tube. A solid 
piston moves up and down the 
pump-barrel, and it is evident 
that when this piston is raised, 
‘water enters the barrel by the 
lower valve, and that when 
the piston descends, this water 
is forced into the side-tube. 
The greater the height of this 
tube, the greater will be tlie 

force required to push the piston down, for the resistance to be over- 
come is the pressure due to the column of water raised. 

The forcing-pump most frequently has a short suction-pipe leading 
from the reservoir, as represented in Fig. 1(58. In this case the 
water is raised from the reservoir into the barrel by atmospheric 
pressure during the up-stroke, and is forced from the barrel’ into the 
ascending pipe in the down-stroke. 

168. Plunger. — When the height to which the water is to be forced 
is veiy considerable, the diflerent parts of the pump must- be very 
strongly made and fitted together, in order to resist the enormous 
pressure produced by the column of water, and to prevent leakage. 
In this case the ordinary piston stuffed with tow or leather washers 
cannot be used, but is replaced by a solid cylinder of metal called a 

Fig. 1(54? represents a section of a pump thus constructed. 
The plunger is of smaller section t|jan the barrel, and passes through 
a stufling-box in which it fits air-tight. « The volume of Wc?iter which 
enters the barrel at each up-stroke, and is expelled at the down-stroke, 
is the same as the volume of a length of the piston equal to the length 
of stroke; and the hydrostatic pressure to be overcome is proportional 
to the section of the plunger, not to tliat of the barrel Ajs tlie opera- 
tion proceeds, air is set free from the water, and would eventually 
impede the working of the pump were it not permitted to escape. 
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For this purpose the plunger is pierced with a narrow passage, which 
is opened from time to time to blow out the air. 


The drainage of deep 
mines is usually effected by 
a series of pumps. The water 
is first raised by one pump 
to a reservoir, into which 
dips the suction -tube of a 
second pump, which sends 
the water up to a second 
reservoir, and so on. The 
piston-rods of the different 
pumps are all joined to a 
single rod called the spear, 
which receives its motion 
from a steam-engine. 

159. Fire - engine. — The 
oi’dinary fire-engine is form- 
ed by the union of two forc- 
ing-pumps which play into 
a common reservoir, con- 
taining in its upper portion 



rig. 103. Kig. 101. 

Suction ttiul Force Paun*. 


(called the air-chamber) air conijiressed by the woi'king of the engine. 



Fig. Kft,— Fire engine. 


A tube dips into the water in this reservoir, and to the upper end 
of tills tube is screwed the leather hose through which the water is 
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discharged The piston-rods are jointed to a lever, the ends of which 
are raised and depressed alternately, so that one piston is ascending 
while the other is descending. Water is thus continually being forced 
into the common reservoir except at the instant of reversing stroke, 
and as the c()m])ressed air in the air-chamber performs the part of a 
reservoir of work (nearly analogous to the fly-wheel), the discharge 
of water from the nozzle of the hose is very steady. 

The engine is sometimes supplij^d with water by means of an 
attached cistern (as in Fig. 1G2) into which water is poured; but it 
is more usually furnished with a suction-pipe which renders it self- 
feeding. ^ 

160, Double-acting Pumps. — Tliese pumps, the invention of which 
is due to Delahire, are often employed for household purposes. They 
consist of a pump-barrel W (Fig. 1G5), with four openings in it, A, A', 
B,B'. The openings A and B' are in communication with the suction- 
tube C; A' and B are in communication with 
the ejection -tube O'. The four openings are 
fitted with four valves opening all in the same 
direction, that is, from right to left, whence it 
follows that A and B' act as suction-valves, and 
A' and B as ejection- valves, and, consequently, 
in whichever direction the piston may be moving, 
the suction and ejection of water arc taking place 
at the same time. 

161. Rotatory Pump. — Double-acting pumps 
produce a continuous suction of water. The 
same end may be attained by means of rotatory 
pumps, which are largely used in some countries. 
The figure represents one of these pumps as con- 
structed by Dietz. 

The pump-barrel consists of a cylindrical drum 
B (E'ig. IGG), containing within it a second cylin- 
der A, of less diameter, and of nearly the same 
length, open at the ends, which can ♦be turned 
about its axis by means of a handle; around this 
axis is a cam or guide mn mV, rigidly fixed to one of the ends of 
the drum B. In the box A are four ^ slits, into which fit four blades 
p; these latter are constantly guided by the movement^of one of 
their ends upon the cam, while the other ends move along the inte- 
rior surface of the drum B, and the broad iron plate &V ah, whose 
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distance from the cam is everywhere equal to the length of one of 
the blades. By means ot two holes in this plate, communication is 
established between the pump-barrel 
and the suction-tube C, and between 
the pump-barrel and the ejection-tube 
C'. From this arrangement it follows, 
that bn causing the box B to rotate in 
the direction shown by the arrow, a 
partial vacuum will be produced be- 
hind the tongues, and the water will 
be drawn in at this side, and ejected 
at the opposite side. 

162. Hydrauli c Press. — The hydrau- 
lic press (Fig. 107) consists of a suction 
and force pump aa worked by means 
of a lever turning about an axis O. 

The water drawn from the reservoir Fig. njo.- r<>i.iiory rnn>i». 

BB' is forced along the tube CC into 

the cistern V. In the top of the cistern is an op(‘ning through 
which moves a heavy metal plunger AA. This carries on its 




Fig. 1(57. - Bramah ProKH. 


upper end* 5 , large plate BB, upon which are placed the objects to 
bo pressed. Suppose the cistern V to be at first empty, and the 
piston A to be carried by its own weight to the bottom of the 
cistern; under these circumstances, suppose the {)ump to begin to 
work. The cistern first begins to fill with water; then the i)ressure 
exerted by Ihe piston of the pump is transmitted, according to the 
principles laid down in §63, to the bottom of the piston A; this piston 
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accordingly rises, and the objects to be pressed, being intercepted 
between the plate and the top of a fixed frame, are subjected to the 
transmitted pressure. The amount of this pressure depends both on 
the ratio of the sections of the pistons and on the length of the lever 
.used to work the force-pump. Suppose, for instance, that the dis- 
tance of the point m, where the hand is applied, from the point O, is 
(Mjual to twelve times the distance 10, and suppose the force exerted 
to be e(]ual to fifty pounds. By the principle of the lever this is 
equivalent to a force of 50 X 12 at the point I; and if the section of 
the piston A be at the same time 100 times that of the piston of the 
])innj), the pressure transmitted to A will be 50 X 12 x 100 = 60,000 
]>ounds. These are the ordinary conditions of the press usually em- 
]>loyed in workshopvS. By drawing out the pin which serves as an 
axis at O, and introducing it at O', we can increase the mechanical 
advantage of the lever. 

Two parts essential to the working of the hydraulic press are not 
represented in the figure. These ai*e a safety-valve, which opens 
when the pressure attains the limit which is not to be exceeded; and, 
secondly, a tap in the tube C, whicli is opened when we wish to put 
an end to the action of the press. The water then runs off*, and the 
])iston A descends again to the bottom of the cistern. 

The hydraulic press was cleaxdy described 
by Pascal, and at a still earlier date by 
Stevinus, but for a long time remained prac- 
tically useless ; because as soon as the pres- 
sure began to be at all strong, the water 
escaped at tlie surface of the , piston A. 
Bramah invented the leather collar, 

which prevents the liquid from escaping, 
and thus enables us to utilize all the power 
of the machine. It consists of a leather rins: 
AA (Fig. 168), bent so as to have a semi- 
circular section. This is fitted into a hollow 
in the interior of the sides of the* cistern, so 
that water passing between the piston and 
cylinder will fill the concavity of the cupped 
leather collar, and by pressing on it will 
produce a packing that fits more tightly as 
the pressure on the piston increases. 

The hydraulic press is very extensively employed in the arts. ‘ It 
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is of great power, and may be constructed to give pressures of two 
or three hundred tons. It is tlie instrument generally employed 
in cases where very great force is required, as in testing anchors 
or raising very heavy weights. It was used for raising tlic sec- 
tions of the Britannia tubular bridge, and for launching the Great 
Eastern, 

15 
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163 . If an opening is made in the side of a vessel containing 
water, the liquid escai)cs with a velocity which is greater as the 
surface of the liquid in the vessel is higher above the orifice, or to 
employ the usual phrase, as the hejid of liquid is greater. This point 
in the dynamics of li(juids was made the subject of experiments by 
Torricelli, and the result arrived at hy him was that the velocity of 
efllux is equal to that which would be ac(piired by a body falling 
freely from the upper surface of the liquid to the centre of the orifice. 
If h be this height, the velocity of efflux is given by the formula 

V - V 2 ffh. 

This is called Torricellis theorem; it supposes the sides of the vessel 
to be thin, and the diameter of the orifice to be very small corii- 
])ared with that of the vessel. It is further assumed that the orifice 
and the upper surface are under the same conditions as regards 
atmospheric pressure. 

Ton icelli's theorem has been regarded as an immediate consequence 
of the theory of gravitation; according to which, whatever be the 
path of a heavy body, its velocity depends only on tlie height of 
the point of starting above the point finally reached. If this height 
be hy the velocity is always yTry/el 

But it is not evident that the molecules of a liquid which is 
escaping are subjected to no force but that of gravity. Besides, the 
first portions which escape from the vessel do not come from the free 
surface, and their velocity is due solely to the pressure exerted by 
the liquid column. It will thus be seen that the velocity of efflux, 
owing to the complex nature of the phenomenon, can be rigorously 
established only by the experimental method. It is very easy to 
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perform a simple experiment upon this point. In fact, the molecules 
issuing fronj the orifice are ejected with a certain velocity, and should 
•therefore, by the theory of projectiles, describe parabolic paths. Thei 
jet issuing from the vessel should accordingly be parabolic, and by 
measuring its range, we can calculate the velocity of efflux. 

The experiment may easily be made by means of the apparatus 
represented in Fig. 1G9. It consists of a cylinder in which are a 
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number of equidistant orifices in the same vertical lino. A tap 
placed above •the cylinder supplies the vessel with water, and with 
the help of an overflow-pipe, maintains the liquid at a constant level, 
which is as much above the highest orifice as each orifice is above that 
next below it. 

The liquid, which escapes is received in a Jbrough, the edge of 
whijh is graduated. A travelling piece with an index line engraved 
on it slides along the trough; it carries, as shown in one of the 
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separate figures, a disc pierced with a circular hole, and capable of 
being turned in any direction about a horizontal axis passing through 
its centre. In this way the disc can always be placed in such a 
position that its plane shall be at right angles to the liquid jet, and 
tliat the jet sl)all pass freely and exactly through its centre. The 
index lino then indicates the range of the parabolic jet with con- 
siderable i)recision. This range is reckoned from the vertical plane 
containing the orifices, and is measured on the horizontal plane 
passing tlirough the centre of the disc. Tlie distance of this latter 
plane below- the lowest orifice is equal to that between any two con- 
secutive orifices. 

The following is the way in which the result of an experiment is 
estimated. Let h be the height of the orifice above the horizontal 
plane through the centre of the ring, and let a be the range of the 
jet. If the liquid molecules were siin 2 )ly falling from a height, 
they would traverse this space in a time given by the formula 


On the other hand, if they were simply obeying the force of ejection 
at the orifice, they would, by virtue of their initial velocity a?, tra- 
verse the distance a in the same time 7, whence we have 

a — xt. 

Eliminating t between these two ecpiations, we have 

whence 

On comparing this velocity with that given by Toi-ricelli s theorem, 
there is generally found to be a small dilference between them, as is 
shown in the subjoined table: — 


Head. 

Jet. 

Velocity. 

o 

Ilatif) of actual 
to theoretical 
velocity. 

a. 

h. 

Actiuil. 

Theoretical. 

niotroft. 

metres. 

metres. 


6-70 


2*29 

0*28 

. 7-53 • 

, G-G5 

•993 

3*93 

4*0(5 

8*45 

8*67 

8*70 

•988 

7-17 

1*41 * 

0*2,5 

11*67 

11*88 # 

•983 


164. Intersection of Jets. — If Torricellis theorem is correct, the 

< 
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value of a? just found ought to be equal to thus, we have the 

equation 

® A / = V2 ifh, whence a® = 4 Ih. (3) 

From this a curious result may be deduced: it will be seen that if /t 
and h vary in such a manner that their produce remains constant, the 
value of a will remain unchanged. Tliis law may easily be vcrilicil 
experimentally. It is only necessary to 0 })en at the same time the 
top and bottom orifices, or the second and fourth ; tlie result will 
be two jets which will intersect one another at the centre of the 
ring. 

We may remark, however, that the verification of this law docs not 
])rove Torricelli’s theorem, for the result would be the same, ifiu(3) 
the constant 4 were replaced by any other constant; it ])rovcs, lu>w- 
ever, that the velocity is proportional to the square I’oot of the head 
of water, and not to the head itself, as was foi'inerly believed. 

165. Quantity of Liquid Discharged. — It would aj^pear at first sight 
that Torricelli’s theorem could be tested by a very simple and decisive 
experiment. Suppose the level of the licjuid in a vessel to be main- 
tained constant, and the volume of the liquid which escapes tlirough 
an orifice during a certain time to be measured. Tliis can l)e com- 
pared with the volume calculated a priori, by assuming that the 
quantity discharged in a unit of time is e(pia] to a cylinder whose 
base is the section of the orifice and height the velo(;ity; S(i that the 
quantity which escapes in time t will be given by the formula 

.s being the section of the orifice. Now, in all the ex[)eriments which 
have been performed, wlien tlie orifice is a simple })erf()ration in a thin 
plate, the actual discharge has been found to be less than this, b(*ing 
generally about *6 of it. 

This discrepancy arises from neglecting the fact, that th(3 particles 
of liquid at the margin of the jet have a converging motion, in con- 
sequence of which the jet contracts rapidly for a small distance after 
issuing from%he orifice. Beyond this small distance the contraction 
is very gradual, depending only on the continued action of gravity. 
The portion which forms the termination of the rapid coiiti-action, is 
called the contracted vein, or ve'iid contraeta, and its section appears 
to be about ^ of that of the orifice. If, then,jn the above formula 
we»make 8 denote the section of the contracted vein, we shall obtain 
results agreeing with experiment. 
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166. Efflux-tubes. — This explanation is confirmed by the effect of 
efilux-tubes. These are pipes not exceeding a few inches in length, 
which are fitted to the holes in the side'of the vessel. If, for instance, • 
a tube of cylindrical form is employed, the contraction will be pre- 
vented by the adherence of the liquid to the sides of the tube ; the 
section of the jet is then the same as that of the tube. In this case, 
if the velocity be measured, it will be found to be less than when the 
orifice is a hole in a thin plate; bqt, on multiplying the velocity thus 
obtained by the section of the tube, we shall obtain a result agreeing 
with the actual discharge. 

The apparatus above described enables us to estimate the differences 
in velocity caused by efflux-tubes. For this purpose a sliding plate 
is used, with one orifice and two efflux-tubes, one cylindrical, the 
other conical; by sliding the plate the liquid can be made to ffow out 
of either of these tubes. 

167. Efflux through Pipes. — When the liquid, instead of escaping 
through a short s[)Out, flows through a long tube, the velocity is con- 
siderabl}?^ reduced by the friction of the molecules against each other, 
and against the sides of the tube. This velocity is also not the same 
at all points in the same section; it is least where the liquid is in 
contact with the tube, and is greatest in the centre of the liquid 
column. When a uniform delivery has been established, the quantity 
of water which passes in each unit of time is constant, and is the same 
for all sections; and the average velocity across any section will be 
obtained by dividing the volume discharged in a second by*the sec- 
tional area. Many experiments have been performed with the view 
of determining this velocity in a certain number of partifcular cases, 
and certain empirical rules have thus been arrived at. It is difficult 
to treat the subject rationally, or to establish results that shall be 
perfectly general. 

168. Fountains. — If the lower end of a water-pipe be 6onnected 
with a mouth-piece pointing vertically upwards, the liquid on issuing 
from the opening will rise in a vertical jet to a height depending on 
the velocity of efflux. If there were no resistance, this height would 

be that due to the velocity^ namely according to the formulse of 

§ 38 ; but this is not actually the case. The friction of the liquid 
against itself, and the weight of tlie particles which fall back upon 
the rest, counteract the tendency to ascend. The effect of this last 
cause can be somewhat diminished by slightly inclining the jet 
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169. Efflux of a Liquid in contact with Confined Air.— When the 
surface of the liquid is in contact with a volume of air whose pressure 
• varies, the velocity of efflux is affected by this v^iation. Let A B C I) 
be a closed vessel filled with a liquid as far as M N, and let the space 
above contain air fit the atmospheric pressure. 

If a small orifice be opened below, tlic liquid 
will begin to flow out ; but the air above will 
become gradually rarefied, until jat length its 
pressure, together with that due to the depth of 
liquid, will be equal to that of the atmosphere; 
when this happens the liquid will cease to flow, 
unless the circumstances are such that air- bubbles can enter. Lcit us 
see what will be the height of the liquid column in the vessel when 
tliC flow ceases. Let A C=rZ, AM=rA, and let p be the height of a 
column of the liquid which will balance the pressure of the atmo- 
sphere. The air, which at the beginning of tlie experiment had a 
volume Z— /i, and a pressure p, will now have a volume l — x, and 

consequently a pressure p 7 ^ ; we have tlien 


Fig 170. 


whence 


r-.V±}^ >/( 7 ) + A )jh 





The — sign alone can be taken with the ra<lical, 
since x must be less than Z. This case of e(j[uili- 
briiim occurs in several well-known experiments. 

Pipettet ^ — This is a glass tube (Fig. 171) open at 
both ends, and terminating below in a small taper- 
ing spout. If a certain quantity of water be intro- 
duced into the tube, either by asiiiration or by 
direct immersion in water, and if the up])er end bo 
closed with the finger, the efflux of the liquid will 
cease after a few seconds. On admitting the air 
above, the efflux will begin again, and can again be 
stopped at pleasure. 

The Magic Funnel , — This funnel is double, as is shown in Fig. 
1 72. Near the handle is a small opening by which the space between 
the two fqpnels communicates with the external air. Another 
oj:)ening connects this same space with the tube of the inner funnel. 
If the interval between the two funnels be filled with any liquid, 


Fig. 171 .-ril»eito. 
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this liquid will run out or will cease to flow according as the upper 
.hole is open or closed. The opening and closing of the hole can be 

easily effected with the thumb* 
of the hand holding the fun- 
nel without the knowledge of 
the spectator. This device 
has been known from very 
early times. 

The instrument may be 
used in a still more curious 
manner. For this purpose 
the space inside is secretly 
filled with highly -coloured 
wine, which is prevented 
from escaping by closing the 
opening above. 

Water is then poured into the centrjil funnel, and escapes either 
by itself or mixed with wine, according as the thumb closes or opens 



Fig. 173.— InoxUanaiible Bottle. 



Fig. 172. — Mttgic Funnel. 


the orifice for the admission of air. In the second casps, the water 
being coloured with the wine, it will appear that wine alone ^is 
issuing from the funnel; thus the operator will appear to have the 



INTERMITTENT FOUNTAIN. 


2:i3 


power of making either water or wine flow from tlie vessel at his 
pleasura 

The InexJiaitstihle Bottle , — The inexhaustible bottle is a toy of tlie 
same kind. It is an opaque bottle of sheet-iron or gutta-])erclu\, 
containing within it five small vials. These communicate with tlie 
exterior by five small holes, which can be closed by the five fingers 
of the hand. Each vial has also a small neck which passes up tlio 
large neck of the bottle. The five vials are filled witli five difterent 
liquids, any one of which can be poured out at pleasure by uncovering 
the corresponding hole. 

170. Intermittent Fountain. —The intermittent fountain is an 
apparatus analogous to the preceding, except that the interruj)tions 
in the efflux are produced auto- , 

niatically by the action of the ^ 

instrument, without the inter- v ;/ S 

vention of the operator. It 
consists of a globe V, which can 
be hermetically closed by means 
of a stopper, and can be put 
in coinmunicatioh with efflux- 
tubes a, by which the water 
contained in it can escape. A 
vertical tube t rises nearly to 
the top of the globe, and ter- 
minates below at a shoi’t dis- 
tance from the bottom of the 
basin B. ^This basin is pierced 
with a small opening o, by 
which the water contained in 
it escapes into the lower basin 
C. Su])pose the globe to be 
filled with water, and com- ^ ^ 

munication with the efflux- j,.g i74.„iatftrmittcut Fonutuin. 

tubes to b^* established, then 

the liquid will flow into the basin B, and thence into C. But the 
size of the opening o is such that it suffers less water to escape than 
passes out by the efflux-tubes ; tjie liquid will therefore accumulate 
in B, and wiyi finally cover the bottom of the tube t. Communication 
between the external air and the upper part of the globe will then 
be cut off, and the liquid will after a few moments cease to flow. 
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But as the basin B continues to be emptied by the opening o, the 
liquid in the basin will sink below the end of the tube ; air will then 
enter the globe, the liquid will again begin to issue from the efflux- 
tubes, and so on. 

171. Siphon. — The object of the siphon is the transference of liquid 
from* one vessel to another. It essentially consists of a bent tube 
(Fig. 175) with branches of unequal length. The short branch dips 



into the liquid to bo transferred, the other opens directly into the 
air. If we suppose the siphon full of liquid, it is easy to see that the 
liquid will flow from the short to the long branch. 

For if we consider (Fig. 176) a layer of liquid M, at th^ highest 
point of the siphon, this layer, will be subjected to a pressure from 
left to right equal to the atmospheric pressure diminished by the 
height DC, or MI. 

Let this latter height be A, and let H be the exterij^l pressure 
expressed as the height of an equivalent colupin of the liquid, then 
the pressure from left to right will be H — A. The pressure 
from right to left will be H — EF = H — A'. Now as h* is greater 
than A, the first pressure will overcome the second, and the layer M 
will consequently move from left to right. But if the height* of 
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the smaller branch be less than H, the liquid cannot separate, 
for the pressure of the atmosphere would immediately fill up the 
.vacuum which would be formed. Thus the 
liquid will continue to flow uninterruptedly 
until the liquid in the vessel AB has fallen 
below the level of the end of the shorter branch 
of the siphon. 

The force causing the liquid to flow is the pres- 
sure represented by a column of liquid — h , 

' the velocity of efflux is thus equal to V A), 
friction being neglected. 

In the above reasoning we have supposed the 
external pressure H to be the same at C and at 
F. This is evidently the case when the pres- 
sure is that of the atmosphere. If we suppose the 
surrounding medium to be of a density such that the variation of ])res- 
sure for the levels AB and KF cannot be neglected, the expn^ssion for 
the velocity must be modified. Let d be the density of the liqui<l, d' 
that of the surrounding medium, the excess of pressure from left to 
right is represented by the weight of a liquid column of density d, and 
of height h'—h, diminished by the weight of a column of the siune 
height of density d'; that is, it is given by tlie expression (Ic '—h) d — 
{li—h) d' = (Jif — h) (d—d'). Now the height m of the liquid which 
would produce the same pressure is given by the equation 7nd=z 
(lif—h) (cZ— d'). Thus the velocity of efflux will be 



V= V2 


ym= 


2 {j (h h') \d - iV) 


In the case (which could scarcely occur in practice), where d' is 
greater than the pressure from left to right will be negative; that 
is, the excess of pressure will be from right to left. The licpiid will 
then flow from right to left, and with a velocity given by tlie above 
Ibrmula if d—d' is replaced by d'—d, 

172. Starting the Siphon. — In order that the siphon sliouhl work, 
it must firs'Kbe charged with liquid. This is effected in various ways. 
When the liquid can be taken into the mouth without danger, the 
charging can be effected (Fig, 177) by sucking at a side-tube attached 
to the long branch. 

This metliod is inapplicable to liquids wliich would have an 
injjiirious eflfect upon the mouth. The |pllowing method is often 
employed in the transfer of sulphuric acid from one vessel to another. 
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The long branch of the siphon (Fig. 178) first filled with sul- 
phuric acid. This is effected bv means of two funnels (which can be 



Fig. 177.~- Stai'tiiig the Siphon. 


plugged at pleasure) at the bend 
of the tube. One of these ad- 
mits the liquid, and the other 
suffers the air to escape. The 
two funnels above are then clos- 
ed, and the tap at the lower end 
of the tube is opened so as to 
allow the liquid to escape. The 
air in the short branch foll6ws 
the acid, and becomes rarefied ; 
the acid behind it rises, and if it 
passes the bend, the siphon will 
be charged ; for each portion of 
the liquid which issues from the 
tube will draw a corresponding 
portion from the short to the 
long branch. 


To insure th^ working of the sulphuric acid siphon, it is not suffi- 


cient to have the vertical height of the long branch greater than that 



Fiir. 178. — Siphon for Sulphuric Acid. 


of the short branch; it is 
farther necessary that it should 
exceed a certain limit, which 
depends upon, the dimensions 
of the siphon in each particu- 
lar case. In order to calculate 
this limit, we must remark 
tliat when the liquid begins to 
flow, its lieight diminishes in 
the long and increasr.s in tlie 
short branch; if these two 
heights should become equal, 
there would be «6quilibrium. 


We see, then, that in order that the siphon may work, it is necessary 


that when the liquid rises to the bend of the tube, there should be in 


the long branch a column of liquid ^whose vertical height is at least 
equal to that of the short branch, which we shall denote by /i, and 
the actual length of the short branch from the surface of the liquid 
in which it dips to the summit of the bend by h\ Then if a be the 
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inclination of the long branch to the vertical, and L the ’length of the 
long branch, which we suppose barely sufficient, the length of the 
. column of liquid remaining in the long branch will be h sec a. The 
air which at atmospheric pressure H occupied the length /i', now 
under the pressure H — A occupies a length L — A sec a; hence, by 
Boyle's law, we have 

(L-A sec o), whence sec a +s5^< 

H — A 

In this formula H denotes the height of a column of sulphuric acid 
whose pressure equals that of the atmosphere. ^ 

173. Vase of Tantalus. — ^The siphon may be employed to produce 
the intermittent flow of a liquid, 
have a vase in which is a bent tube 
rising to a height n, and with the 
short branch terminating near the 
bottom of the vase, while the long 
hi'anch paases tlirough the bottom. 

If liquid be poured into the vase, 
the level will gradually rise in the 
short branch of the bent tube, and 
will finally reach and pass the point 
71, when the siphon will begin to 
discharge the liquid. If,' then, we 
suppose the liquid to escape by the 
siphon faster tluin it is poured into 
the vessel, the level of the liquid will gradually fall below the ter- 
mination ^f the shorter branch. The siphon will then empty itself, 
and will not recommence its action till the liquid has again risen to 
the level of the bend. 

If the cup is made of metal with the siphon concealed in the thick- 
ness of sides, when a person in lifting it to his lips inclines it to 
the side in which the siphon is, the siphon will become charged, and 
will empty the vessel. Hence the name vaae of Tantalm given to 
this cup iiNild treatises on physics. Instead of a bent tube we may 
employ, as in the first figure, a straight tube cx)vered by a bell-ghiss 
left open below; in this case the space between the tube and the bell 
takes the place of the shorter le^ of the siphon. 

It is to a^ action of this, kind that natural intermittent springs are 
generally attributed. Suppose a reservoir (Fig. 180) to communicate 
with an outlet by a bent tube forming a siphon, and suppose it to 


Suppose,^ for instance, > that we 



Fig. 17f>. — Vase of Tantaliw. 
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be fed by a stream of water at a slower rate than the siphon is able 
to discharge it. When the water has reached the bend, the siphon 
will become charged, and the reservoir will be, emptied; it will then 
be filled again a.s far as the bend, and so on. 

174. Mariotte’s Bottle.— This is an apparatus often employed to 
obtain a contihuous flow of water. It consists of a flask whose cork 
is pierced by a straight tube open at both ends, and with the lower 



Fig. 180 . — lutennitteut Siaing. 


extremity descending to a. An efflux-tube is placed at h neai- the 
bottom of the flask. Suppose that the flask is full of water, and that 
the tube is also full to the upper end. If the tube h bo now opened, 
the liquid molecules at the orifice will be pressed inward?) with a 
force equal to the atmospheric pressure, but will be pressed outwards 
with a force exceeding this pressure by the height of the column of 
water as far as the upper end of the tube. The liquid will therefore! 
flow out; but no vacuum will be produced in the upper part of the 
flask, for the pressure of the atmosphere will compel the liquid in the 
tube to rejdace that which escapes.^ The level of the liquid in the 
tube will thus rapidly fall, and the velocity will gradua,Uy decrease, 
as will be seen by the diminished range of the jet. When the liqqid 
reaches the point a, the efflux will continue ; but then air will enter 
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the vase in successive bubbles, and will rise to the upper part of the 
vase, in such quantity that its pressure, together with that of the 
height of water above the horizontal plane through a, will mnintain 
a pressure on this plane equal to that qf the atmosphere. From this 
time the liquid will flow with a copstant velo<yty due to the height 
of a above b. Stricwy speaMng, inasmuch as the air enters, not in 
a continuous manner, but in successive bubbles, that is, in jerks, the 
velocity of discharge oscillates about a constant mean value, but the 
oscillations are in general almost imperceptible Instead of the ver- 














Fig. ISl.— Mariotte’s Bottle. 


ticiil tube, we may use a vase with two openings at different levels ; 
tlK3 liquid escapes by the lower orifice 6, while air enters by the upper 
orifice a. Marietta s vase is sometimes used in the laboratory to 
produccjbhe uniform flow of a gas by employing the water whicli 
escapes to expel the gas. We may also draw in gas through the tube 
of Mariottes bottle; i^n this case, the flow of the water is uniform, 
V)iit the flav of the ga^ is continually accelerated, since the siiace 
occupied by it in the bottle increases uniformly, but the density of 
the gas ill this spade continually increases, 
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176. Heat — Cold. — ^The words heat and cold etpress sensations so 
well known as to need no explanation; but those sensations are 
modified by si;ibjective causes, and do not furnish an invariable cri- 
terion of objective reality. In fact, we may often see one person 
suffer from heat while another complains of cold. JEven for 'the same 
person the sensations of heat and cold are comparativa A tempera- 
ture of 50° Fahr. suddenly occurring amid the heat of summer pro- 
duces a very decided sensation of cold, whereas the same temperature 
in winter has exactly the opposite effect. We may mention an old 
experiment upon this subject, which is at once simple and instructive. 
If we plunge one hand into water at 32° Fahr., and the other into 
water at about 100°; and if after having left them some time in this 
[)osition we immerse them simultaneously in water at 70°, they will 
experience very different sensations. The hand which was formerly 
in the cold water now experiences a sensation of heat; that which 
was in the hot water experiences a sensation of cold, though both are 
in the same medium. This plaiidj shows that the sensations of heat 
and cold ate modified by the condition of Hhe observer, and conse- 
quently cannot serve as a sure guide in the study of calorific phe- 
nomena. Recourse must therefore be liad to some mo, re constant 
standard of reference, and such a standard is furnished by the ther- 
mometer. ' 

176. Temperature. — If several bodies heated to different degrees are 
placed in presence of each other, an interchange of heat takes place 
between them, by which they undex^go modifications of opposite 
kinds; those^ that are hottest groV cooler, and those that are coldest 
grow warmer; and after a longer of shoiijer time these inverse pheno- 
mena cease to take place, and the bodies* come to a state of mutual 

16 
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equilibrium. They are then said to be at the same tempei^ature. If 
a source of heat is now brought to act upon them, their temperature 
is said to ri.»e; if they are left to themselves in a colder medium, they* 
all grow cold, and their temperature is said to fall. Two bodies are 
said to have the same temperature if when they are placed in contact 
no heat passes from the one to the other.. Tf when two bodies are 
placed in contact heat passes from one to the other, that which gives 
heat to the other is said to haye the higher temperature. Heat 
always tends to pass from bodies of higher to those of lower tem- 
perature. 

177. Expansion,* — At the same time that bodies undergo these 
changes in temperature, which may be verified by the difierent 
impressions which they make upon our organs, they are subjected 
to other modifications which admit of direct measurement, and which 
serve as a means of estimating the changes of temperature themselves. 
These modifications are of different kinds, and we shall have occasion 
to speak of them ^11 in the course of this work ; but that which is 
especially used as’the basis of thermometric measurement is change of 
■^^lume. In general, when a body is heated, it increases in volume; 
and, on the other hand, when it is cooled its volume diminishes. The 
expansion of bodies under the action of heat may be illustrated by 
the following experiments. 

1. Solid Bodies, — We take a ring through which a metal sphere 



Fig. 182 ,— QraTfMuindo'B Bing. 


just passes. This latter is heated by holding it over a spirit-lamp, 
and it is found that after this operation it will no longer^pass through 
the ring. Its volume has increased. If it is now cooled by immer- 
sion in water, it resumes its former volume, and will again pass 



EXPANSION OF LIQUIDS. 


243 


tbrougli the ring. If, wljile tlie spliere was Iiot, we had heated the 
ring to about the same degree, the ball would still have been able to 
’])ass, their relative dimensions being unaltered. This little apparatus 
is called Gravesandcs Ring. 

2. Liquids , — A liquid, as water for instance, is introduced into the 



183. — Expansion of Liquids. 


rig. 184. — Expansion of Gasort 


appai'atus shown in Fig. 183, so as to fdl at once the globe and a 
portion of the tube as far as a. The instrument is then immersed in 
a vessel CGhViining hot water, and at first the extremity ol‘ tlui licpiid 
column descends for an instant to h \ but when the exi)eriment has 
continued for some time, the liquid rises to a point a' at a con- 
siderable height above. This twofold phenomenon is easily exi)lained. 
The globe, yhich receives tlie first impression of heat, increases in 
volume before any sensible change can take j)Iace in the temperatuie 
of the liquid. The liquid consequently is unable to fill the entire 
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capacity of the globe and tube up to the original mark, and thus 
the extremity of the liquid column is seen to fall. But the liquid 
receiving in its turn the impression of heat, expands also, and as it ’ 
passes the original mark, we may conclude that it not only expands, 
but expands more than the vessel which contains it. 

3. Gases. — The globe in Fig. 184? contains air, which is separated 
from the external air by a small liquid index. We have only to 
warm the globe with the hands and the index will be seen to be 
pusljod quickly upwards, thus showing that gases are exceedingly 
expansible. 

178. General Idea of the Thermometer. — Since the volume of a 
body is always changed by heat, it follows that when a body is sub- 
jected to variations of temj)erature, it undergoes at the same time 
corresponding variations of volume. If we suppose that the different 
volumes successively assumed by the body can easily be measured, 
we may indicate the temperature by stating tlie 
volume. And the body will not only indicate its 
own temperature by this means, it will also exhibit 
the temperature of the bodies by which it is sur- 
rounded, and which are in equilibrium with it as 
regards temperature; that is, which do not experi- 
ence those inverse changes mentioned in ^ 1V6. Such 
is the most general idea of the tbermonieter, which 
may be defined as a body which, tinder the action 
of heat, exhibits changes of volunte tvhich can be 
ascertained and measured. 

179. Choice of the Thermometric Substance.— -Any 
substance whatever will serve as a* ihermometric 
substance, and in fact there are several kinds of 
thermometers, founded upon the cxjKiiision of dif- 
ferent substances. In order, however, that thermo- 
metric indications may be conq)arablc with each 
other, it is necessary to adopt a standard^ substance 
or combination of substances, and physicists have by 
common consent adopted as the standard of reference 
the a])parcnt exj)ansion. of mercury contained in a glass vessel. The 
instrument which exhibits this expansion is called the mercurial 
iherniomefer. It consists essentially, as shown in Fig. liia, of a tube 
of very small diameter, terminating in a bulb or reservoir of a cylin- 
drical, spherical, or any other form. ^The reservoir and a i)ortion of 
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the tube are filled with mercury. If the temperature vari('s, tiu' 
level of the liquid will rise or fall in the tube, and the ])()int.s at 
which it remains stationary can be easily identified by means of a 
scale attaclied to or engraved on' the tube. 

The choice of mercury as a tliermometric substance is extremely 
suitable. It is a liquid which may easily bo procured in a state of 
purity. It is a very good conductor of heat, and conscHjuently soon 
comes into equilibrium of temperature with the bodies which it 
touches. Besides, its calorific capacitij is very small, so that if it be 
brought into contact with a heated body, for instance, at whose 
expense it grows hot, this ])ody experiences in consequence only a 
very slight change of temperature, wliich may geneially be negh^cted. 

180. Construction of the Mercurial Thermometer. — The construction 
of a mercurial tlua'inonieter is an 0[)eration of great delicacy, and 
com])}ises several difierent processes, which we shall successively 
indicate. 

1. Choice of the Tahe, — The hrst object is to procure a tube of as 
uniform l)ore as possible. In order to a,scertain whether this con- 
dition is fulfilled, a small column of mcrcuiy is introduced into th(‘ 
tube, and its length in dilferent parts oi* the tid)e is m(‘a.sur(‘d. If 
these lengths are exactly equal, the tube must be of uniform bore. 
This is not generally the case, and we have to content ourselves with 
an apiu’oximation to this result; but we must reject tubes in whi(di 
the difierences of length ob.serv(‘d are too great. When a suitable 
tube has been obtained, a reservoir is eitlun* blown at one end or 
attached by melting, the former plan being usually j>ri‘forable. 

Wlien a thermometer of great ])recision is lequired, the tube is 
first calUmiied; that is, divided into ])arts of e(]ual volume. 

2. Introduction of the Mercnrij. — At the \ii)[)cr extremity of the 
tube a bulb has been blow n, drawn out to a point, at which there is 
a small opening; this bulb is gently heated, and the pC)iTjt is then 
immersed in a vessel containing mercury (Fig. ISO). The air in the 
tube growing cold, sulTcrs a diminution at once of voluimi and of 
pressure, sb.thut mercury is forced into the bulb by the atmospheric 
pressure. The end of the point is then closed to prevent the escape 
of mercurial vapours, and the reservoir and tube, still remaining 
empty, are heated in a gas or charcoal fuinace (Fig. 187), so as to 
rarefy the contained air. The liquid in the bulb is then heated, and 
on setting the instrument upright, and allowing it to cool, a portion 
of the mercury enters the reservoir in consequence of the contniction 
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of tlio air. The licjiiid in tlie reservoir is then heated to ebullition, 
the air is expelled from tlie reservoir and tube by the vapour of 
mercury, and on placing the instrument in an upright position, the* 



Fig. 18().— Iiitrodiiction of Hie Mt-ronry. 


mc^rcury during the process of cooling enters tlie reservoir and com- 
pletely 611s it. If a- bubble of air still remaltis, as is often the case, 
it may be expcdled by rei)eating the same operation several times. 
The (piantity of mercury to be left is then regulated according to the 



Fig. 187.— Fiu-iiJico for hojiting Tliei’iuoiiieterM. 

t(an[)eratures which the instrument is intended to indicate; the bulb 
at the u[)j)er end is removed, and the tube, having been drawn out to 
a point, is hermetically sealed at the moment when the mercury 
reaches its extremity, so as to leave no air in the interior. 
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:3. Dctev7)iinati(}n> of the Fixed Foint ^ — The instniincnt, imder 
these conditions, and Avith any s(*ale of equal parts marked on the 
tube, would of course indutatc variations of tem])e]’ature, hut these 
indications Avould be arbitrary, an<l two thermoineters so ct)iistrueted 
would in general give dilierent indications. 

In order to insure that the indications of difterent thermometers 
shall be comparable, it has been agreed to adopt two standard tem- 
peratures, which can easily be reproduced and maintained for a con- 
sidei'able time, and to denote them by fixed numbers. These two 
temperatures are the freezing- point and boiling-point of water ; or to 
sj)eak more strictly, the temperature of melting ice, and the tem- 
peiature of the steam given ofi‘ by 
water boiling under average atmos- 
plaaic pressure. It has been observed 
tljat if the thermometer be surrounded 
with melting ice (or melting snow), 
the mercury, under whateAmr circum- 
stances the ex])oriment is performed, 
invariably stoj)s at the same point, 
ami remains stationary there as long as 
tli(‘ melting continues. This then is a 
fix(sl temperature. On the (_Vntigra(h‘ 
scale it is called zero, on Fahrenheit s 
scale 

in order to mark this ]>oint on a Fig. i«s.~-DoicnniT..c, ion of Freezing- 

*- ])uint. 

therm ometm*, it is surrounded by melt- 
ing ice, which is (jontained in a perforated vessel, so as to allow 
the water produced by melting to escape. When the levid ol the 
mercury ceases to vary, a maik is made on the tube with a fine 
<liamond at the extremity of the mercurial column. This is trequontly 
called for brevity the freeziiiff-jfot'iit. 

It has also been observed that if water be made to boil in an op(ai 
metallic vessel, under average atmospheric pressure (7()0 millinjet^c^'S, 
or 21) 922 luclies), and if the thermometer be plunged into the steam, 
the mercury stands at the same point during the entire time of 
ehiillition, provided that the external pressure docs not change. This 
second fixed temperature is called 100" in the Centigrade scale (whence 
tlie name),^and 212"* on FahrenheiFs scale. In order to mark this 
second point on the thermometer, an apparatus is employed which 
was devised by Gay-Lussac, and perfected by Rognault. It consists 
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of a copper boiler (Fig. 189) containing water which is raivSed to 
ebullition by means of a furnace. The steam circulates througli a 
double casing, and escaj)es by a tube near the bottom. The ther-' 
mometer is fixed in the interior casing, and when the mercury has 



ISO, — Dctenninatiini of ]ioiling-i)oiiiL 

become stationary, a mark is made at the point at which it stops, 
which denotes wdiat is cQinmonty called for brevity the hoiling-poinf. 
It now only remains to divide the portion of the instrument between 
the freezing and boiling ])oints into equal parts corre< ponding to 
single degrees, and to continue the division bt^yond the fixed points. 
Below the zero point are marked the numbers 1,2, 3, &;c. These 
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teinperatun^s arc general!}^ expressed witli tlie sign — . Tims tlu^ 
temperature of I?"" below zero is written — ]7^ 

A small inanometric tube, open at both ends, serves to show, by 
the erpiality of level of the mercury in its two branches, that tie* 
ebullition is taking ])laco at a pressure c(pial to that which jnevails 
externally, and consequently that the steam is esca])ing with sulli- 
cient freedom. It fretpiently happens that the external pressiuv is 
not exactly 7b0 millimetres, in whjeh case the boiling-])oint should be 
placed a little above or a little below the point at which the mer- 
cury remains stationary, according as the jrressure is less or greater 
than this standarxl ])ressure. When the diliei*ence on (ntlu^i- side is 
inconsiderable, the position of the boiling-])oint is calcuhited by the 
rule, that a- difference of iH)!) millimetres, either abov(^ or la.^htw the 
normal pressure, causes a dilfertmcc of b' in the ternper’atur’O of the 
steam produced. We shall return to this point in Chap. xxvi. 

181. Adjustment of the Quantity of Mercury.— In order to avoid 
comjdicating the above explanation, we have omitted to considin* air 
opi'i’ation of great importance, whiith should [)r*eced(^ those which we 
have just described. This is the deb'nrri nation of the volume which 
nrirst ])e givoir to the reservoir*, irr order that the instrrrrrrent may have 
the reiprired range. When the reservoir is ey lindrical, this is viuy easily 
(‘ffeebjd in tl 1 C followirrg marrnru*. Suppose we wish tlie therniornetei* 
to indicate tem])eratures (',oinj>r’ised between — 20’ and bSO’ (\uit., so 
that the range is to be 1 oO"; the reservoir is left open at ( ) (big. 1 00), 



and is filled through this opening, wliich is then hermetically^ sealed. 
Tlie instrument is then immer’sed in two baths whose ttuiqieratures 
riilier by 50", for instance, and tbe mercury rifles tlir-ougir a distance 
'itiDi. Odds Icngtli, if tbe (piantity of mer*crrry in tbc I’eservoii* bo 
(‘xactly sullicient, sliould be the third jrait ol the length of the sbun. 
But the quantity of menarry in the reservoir is always taken too hu’ge 
at lir*st, so tlmt it has only to be reduced, and thus tbe space tr avrused 
by the liquid is at first too great. Suppose it to be equal to '{tbs of 
the length of the stem. The degrees will tlien be too long, in the 
ratio J Tlrat is, the resci*voir is J of what it shorrld be. We 

therefore rne^isure off ^ths of the length of the reservoir, beginning 
at the end next the stem ; this distance is marked by a line, and the 
end 0 is then broken and the mercury suffered to escape. The glass 
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is then melted down to the marked line, and the reservoir is thus 
brought to the proper dimensions. It only remains to regulate the 
quantity of mercury admitted, by making it fill the tube at the- 
highest temperature which the instrument is intended to indicate. 

If the reservoir were spherical, which is a shape generally ill 
adapted for delicate thermometers, the foregoing process would be 
inapplicable, and it would be necessary to deter- 
mine the proper size by trial. 

182. Thermometric Scales. — In the Centigrade 
scale the freezing-Apoint is marked 0® and the boil- 
ing-point 100^ In Rdanmur's scale, which is still 
sometimes used abroad, the freezing-point is also 
marked 0°, but the boiling-point is marked 80° 
Hence, 5 degrees on the former scale are equal to 
4 on the latter, and the reduction of temperatures 
from one of these scales to the other can be effected 
by multiplying by ^ or 

For example, the temperature 75° Centigrade is 
the same as 60° Rdaumur, since 75 X J =: 60; and the 
temperature 36° Reaumur is the same as 45° Centi- 
grade, since 36 X J =45. 

The relation between either of these scales and 
that of Fahrenheit is ratlier more complicated, inas- 
much as Fahrenheit’s zero is not at freezing-point, 
but at 32 of his degrees below it. 

As regards intervals of temperature, 1 80 degrees 
Fahrenheit are equal to 100 Centigrade, or to 80 
Rdaumur, and hence, in lower terms, 9 degrees 
Fahrenheit are equal to 5 Centigrade, or to 4 
Rdaumur. 

The conversion of temperatures themselves (as 
distinguished from intervals of temperature) will be 
Thenuomotric Scales. best explained by a few examples. 

Example 1. To find what temperatures on the 
other two scales are equivalent to the temperature 60° Fahrenheit. 

Subtracting 32, we see that this temperature is 18 Fahrenheit 
degrees above freezing-poiht, and as tifis interval is equivalent to 
1 8 X that is 1 0 Centigrade degrees, or to 1 8 X -J-, that i§ 8 Rdaumur 
degrees, the equivalent temperatures are respectively 10° Centigrade 
and 8° Reaumur. 
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Example 2. To find the degree on Fabrenlieit’s scale, which is 
equivalent to the temperature 25° Centigrade. 

• An interval of 25 Centigrade degrees is equal to 25 x g-, that is 
45 Fahrenheit degrees, and the temperature in question is above 
freezing-point by this amount. The number denoting it on Fahien- 
heit’s scale is therefore 32 + 45, that is 77°. 

The rules for the conversion of the three thermometric scales may 
be summed up in the following formulae, in which F, C, and R denote 
equivalent temperatures expressed in degrees of the three scales: — 

r=fO + 32^^R+32. 

(F->32). 

11 = 40:=^^ 32). 


It is usual in stating temperatures to indicate the scale referred to 
by the abbreviations Fahr., Cent, HdaiL, or more briefly by the 
initial letters F., C., R 

183. Apparent Expansion of Mercury. Degree of the Mercurial Ther- 
mometer. — The indications *of the mercurial thermometer depend not 


upon the real but upon the apparent expansion of mer- 
cury, that is, upon the diflerence between the expansion 
of the mercury and that of the glass in which it is con- 
tained. 

To understand tlie physical meaning of a degree, sup- 
pose that we have a thermometric tube (Fig. 102) divided 
into parts of equal capacity, and that by gauging the 
reservoir we have ascertained its capacity to be equal to 
N of thes6 parts. Mercury is introduced, and when the 
instrument is surrounded with melting ice the mercury 
fills the bulb and n parts of the tube. The instrument is 
then raised to the temperature of 100° C., and the mercury 
expands so as to occupy 7i' parts of the stem. The appar- 
ent volumes of the mercury at 0° and 100° Centigrade are 
therefore N + ?i and N + >^/ respectively, and the apparent 
increase of volume is n'—n. The apparent increase per 



Fig. 192. 


unit volurne^s therefore 


n' -n 


and as this is the increase for 100° the 


apparent expansion per degree Centigrade is 


100 N + w* 


This quantity 


is found by experiment to be^ about equal to Each degree 

Centigrade fepresents then a difference of apparent volume of the 

mercury equal to about of its volume at freezing-point. 
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184. Comparability of Mercurial Thermometers. — This enables us to 
examine the important question, whether different thermometers are 
comparable with each other, that is, whether they will indicate the 
same temperature under the same conditions. This must evidently 
be the case where the glass employed for the construction of the tubes 
is absolutely the same. ‘ The agreement will likewise be exact, even 
when the apparent expansions due to the quality of the glass em- 
ployed in each case are not the same, provided that, they preserve a 
constant ratio at difterent temperatures. 

Experiment alone can teach us whether this disagreement actually 
exists, and in what degree. The result of Regnault's investigations 
upon this point tends to show that up to 300° Cent, this disagree- 
ment is almost nothing, or, at any rate, may be neglected with perfect 
safety; above this point a slight difference is observed, which increases 
to about 3° or 4° at the temperature of 350°, that is, at the superior 
limit to the use of the mercurial thermometer. 

This defect in the comparability of thermometers, slight as it ig, 
must be attributed to irregularities in the expansion of the glass. 
The influence of these irregularities would obviously be less sensible 
with a more expansible material than mercury, .and this is the reason 
that in experiments where great precision is necessary air-thermo- 
meters are employed, which at the same time serve to indicate the 
highest temperatures, whereas mercury cannot be employed beyond 
350°, its boiling-point. 

186. Displacement of the Zero Point. — A thermometer left to itself 
after being made, gradually undergoes a contraction of its capacity, 
leading to a uniform error of excess in its indications. This pheno- 
menon is attributable to molecular change in the glass, which has, so 
to speak, been tempered in the construction of the instrument, and 
to atmospheric pressure on the exterior of the bulb, which is unre- 
sisted by the internal vacuum. The progress of this change ceases at 
the end of a certain time, about fifteen or eighteen months, and the 
displacement is always inconsiderable, never amounting to a degree. 
In precise experiments, however, it is necessary to verify the position 
of the zero point in the thermometer employed, and, in the observa- 
tion of temperatures, to take into consideration the slight displace- 
ment which may have occurred. 

186. Seusibility of the Thermometer. — The power of tl^e instrument 
to detect very small differences of temperature may be regarded as 
measured by the length of the degrees, which is proportional to the 
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capacity of the bulb directly and to the section of the tube inversely. 
In fact, if Z denote the length of one degree, and ^he sectional area 

of the tube, Is will be the volume of oj\e degree, which is 0 /goC, 
where 0 denotes the capacity of the bulb, together with as much of 
the tube as is below the freezing-point. Hence, ^=0480 ? which 
varies directly as C, and inversely as s. 

Quickness of action, on the other hand, requires that the bulb be 
small in at least one of its dimensions, so that no part of the mercury 
shall be far removed from the exterior, and also tliat the glass of the 
bulb be thin. 

Quickness of action is important in measuring temperatures which 
vary rapidly. It should also be observed that, as the thermometer, in 
coining to the temperature of any body, necessarily causes 
an inverse change in the temperature of that body, it fol- 
lows that when the mass of the body to be investigated is 
very small, the thermometer itself should be of extremely 
small dimensions, in order that it may not cause a sensible 
variation in the temperature to be ascertained. 

187. Weight Thermometer. — In this thermometer, which 
often takes the place of the ordinary thermometer in physi- 
cal investigations, the stem is done away with, and .the 
mercury contained in the reservoir overflows into a small 
cup, where it is collected ; and the temperature is deduced rnometer. 
from the weight of the mercury which thus escapes. Let 
P be the weight of the mercury which fills the reservoir at freezing- 
point, and TT the weight which issues when the instrument is placed 
in the steamer in order to determine the boiling-point. The apparent 
expansion between these points is evidently represented by the 

fraction and, consequently, the value of a degree Centigrade is 

the one-hundredth part of this fraction, that is Suppose 

now that the instrument, containing again a weight P of mercury at 
zero is placed in a bath whose temperature we wish to determine, and 
that a weight p of mercury flows over. The whole apparent expan- 

sion is and dividing this by the value of a degree, we obtain 
the temperature required, which <is thus expressed by the formula 
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188. Alcohol Thermometer. — In the construction of thermometers 
other liquids may be introduced instead of mercury, and alcohol is 
very frequently employed for this purpose. But if an alcohol ther- 
mometer were constructed so as to agree with a mercurial thermometer 
at two fix6d tem])eratures, and were graduated by dividing the inter- 
vening space into equal parts, and continuing the equal graduations 
both ways, it, would be found to give different readings from a mer- 
curial thermometer, except at or very near the two fixed temperatures. 
This fact may be expressed by saying, th^ alcohol does not expand 
equally for equal increments of temperature as indicated by a mer- 
curial thermometer ; or, more symmetrically, by saying that intervals 
of. temj)erature which are equal as measured by the expansion of 
mercury, are not equal as measured by the expansion of alcohol. 

In practice, alcohol thermometers are graduated by comparison 
with mercurial thermometers, and the de- 
grees of an alcohol thermometer have conse- 
quently unequal volumes in different parts 
of the scale. The degrees, in fact, increase in 
length as we ascend on the scale. 

Alcohol has the disadvantage of beini? 
slower in its action than mercury, on ac- 
count of its inferior conductivity; but it can 
be employed for lower temperatures than 
mercury, as the latter congeals at — 39° Cent. 
(—38*" Fahr.), whereas the former has never 
congealed at any temperature yet attained. 

189. Self-registering^ Thermometers. — It is 
often important for meteorological purposes 
to have the means of knowing the highest or 
the lowest , temperature that occurs during a 
given interval. ^ Instruments intended for 
this purpose are called maximum and mini- 
mum thermometers. ♦ 

I* 

The oldest instrument- of this* class is Sixs 
(Fig. 19-tA), which is at one^ a maximum 
and a minimum thermometer. It has a large 
cylindrical bulb C filled with alcohol, which 
also occupies a portion of th^ tube. The 
remainder of the tube is partly filled with mercury, which occupies 
a portion of the tube shaped like the letter U, one extremity 
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of the mercurial column being in contact with the alcohol already 
mentioned, while the other extremity is in contact with a second 
column of alcohol; and beyond this there is a small space occupied 
only with air, so as to leave room for, the expansion of the liquids. 
When the alcohol in the bulb expands it pushes the mercurial column 
before it, and when it contracts the mercurial column follows it. The 
extreme points reached by the two ends of the mercurial column are 
registered by a pair of light steel indices c, d (shown on an enlarged 
scale at K), which are pushed before the ends of the column, and then 
are held in their places by springs, which are just strong enough to 
prevent slipping, so that the indices do not follow the mercury in its 
retreat. One of the indices d registers the maximum and the other 
c the minimum temperature which has occurred since the instrument 
was last set. The setting consists in bringing the indices into contact 
with the ends of ^the mercurial column, and is usually effected by 
means of a magnet. This instrument is now, on account of its com- 
plexity, little used. It possesses, however, the advantages of being 
equally quick (or slow) in its action for maximum and minimum 
temperatures, which is an important property when these tempera- 
tures are made the foundation for the comimtation of tlie mean tem- 
perature of the interval, and of being better able than most of the 
self-registering thermometers to bear slight jolts witli out disturbance 
of the indices. 

9 Rutherford! 8 self-registering thermometers are fre<juently mounted 
together on one frame, as in Fig. 195, but are nevertheless distinct 



Fig. 196.— Rutliftrford’s Maximum and Minimum Thormometera. 


instruments. His mi'ivimum thermometer, which is the only mini- 
mum thermometer in "general use, has alcohol for its fluid, and is 
always placed with its tube horizontal, or nearly so. In the fluid 
column there is a small index n of glass or ehamel, shaped like a 
dumb-bell. 

When contraction occurs, the index, being wetted by the liquid, is 
forced backwards by the contractUe force of the sujierficial film which 
forms the extremity of the liquid column (§ 97) ; but when expansion 
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takes place the index remains stationaiy in the interior of the liquid. 
Hence the minimum temperature is indicated by the position of the 
forward end of the index. The instrument is set by inclining it so 
as to let the index slide down to the end of the liquid column. 

The onl)'' way in which this instrument is liable to derangement, 
is by a portion of the spirit evaporating from the column and becoming 
condensed in the end of the tube, which usually terminates in a 
small bulb. When the portion thus detached is large, or when the 
column of spirit becomes broken into detached portions by rough 
usage in travelling, let the thermometer be taken in the hand by 
the end farthest from the bulb, raised above the head, and then 
forcibly swung down towards the feet; the object being, on the prin- 
ciple of centrifugal force, to send down the detached portion of spirit 
till it unites with the column. A few throws or swinging strokes 
will generally be sufficient ; after which the thermometer should be 
placed in a slanting position, to allow the rest of the, spirit still 
adhering to the sides of the tube to drain down to the' column. But 
another method must be adopted if the portion of spirit in the top of 
the tube be small. Heat should then be applied slowly and cautiously 
to the end of the tube where the detached portion of spirit is lodged; 
this being turned into va])Our by the heat will condense on the sur- 
face of the unbroken column of spirit. Care should be taken that 
the heat is not too quickly applied. . . . The best and safest way to 
apply the requisite amount of heat, is to bring tlie end of the tube 
slowly down towards a minute flame from a gas-burner; or if gas is 
not to be had, a piece of heated metal will serve instead.'"^ 

Rutherford’s maximum thermometer is a mercurial thermometer, 
with the stem placed horizontally, and with a steel index c in the 
tube outside the mercurial column. When expansion occurs, the 
index, not being wetted by the liquid, is forced forwards by the con- 
tractile force of the superficial film which forms the extremity of the 
liquid column (§97); but when contraction takes place, the index 
remains stationary outside the liquid. Hence the maximum tern- 
perat'are is indicated by the position of the backward * end of the 
index. The instrument is set by bringing the index into contact 
with the end of the liquid column, an operation which is usually 
effected by means of a 'magnet. 

This thermometer is liable to getV)ut of order after a few yesirs’ use, 
by chemical action uphn the surface of the index, which causes it to 

^ Buchan's Handy Book of Meteorology^ p. 62, 
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become wetted by the mercury, and thus renders the instrument 
useless. 

Phillips' maximum thermometer (invented by Professor Phillips, 
the eminent geologist, and made by Casella) is recommended for use 
in the official Instructions for Taking Meteorological Observations, 
drawn up by Sir Henry James for the use of the Royal Engineers. 
It is a mercurial thermometer not deprived of air. It has an exceed- 



Fig. 194 b. — Phillips’ Maximum Thermometer. 


ingly fine bore, and the mercurial column is broken by the insertion 
of a- small portion of air. The instrument is set by reducing this 
portion of air to the smallest dimensions which it can be made to 
assume, and is placed in a horizontal position. When the mercury 
expands it pushes forwards this intervening air and the detached 
column of mercury beyond it ; but when contraction takes place the 
intervening air expands, and the detached column remains unmoved. 

'‘The thread of mercury in these thermometers is easily broken at 
any point required, by simply raising the bulb end, and allowing the 
mercury to run into the open cell at the end ; and, as it descends, 
detaching, with a slight jerk, as much of it as may be thought neces- 
sary, which should be an inch, or an inch and a half^ 

The detached column is not easily shaken out of its place, and 
when the bore of the tube is made sufficiently narrow the instrument 
may even bo used in a vertical position, a jiroperty which is often of 
great service. 

In Negretti and Zambra’s maximum thermometer (Fig. 191), which 
is employed at the Royal Observatory, Greenwich, there is an 



Fig. 194. — Negretti’s Maximum Thermometer. 


obstruction in the bent part of the tube, near the bulb, which 
barely leaves room for the mercury to pass when forced up by 

^ Instructions foT Talcing Mcteorological^Ob8Crv(Uions, By Cok>nel Sir Henry James, K.E., 
Director of the Ordnance Survey. 

17 
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expansion, and is suflicient to prevent it from returning when the 
bulb cools. 

The objection chiefly uYged against this thermometer is the extreme 
mobility of the detached column, which renders it very liable to 
accidental displacement; but in the hands of a skilful observer 
this is of no moment. Dr. Balfour Stewart {JElemmitary Treatise 
on Heaty p. 20, 21), says: — “When used, the stem of this instru- 
ment ought to be inclined do\ynwards. ... It does not matter 
if the column past the obstruction go down to the bottom of the tube; 
for when the instrument is read, it is gently tilted up until this 
detached column flows back to the obstruction, where it is arrested, 
and tlie end of the column will then denote the maximum tem- 


perature. In resetting the instrument, it is necessary to shake the 
detached column past the obstruction in order to fill up the vacancy 
left by the contraction of the fluid after the maximum had 


been reached. 


)) 


d. 

A 

B 



Mercurial Minimum Thermometers. — As it is obvi- 
ously undesirable that the minimum thermometer employed 
should be slower in its action than the maximum thermo- 
meter used in conjunction with it, several attempts have 
been made to construct a minimum thermometer in whicli 
mercury instead of alcohol shall be the expanding fluid (see 
a descri])tion of Casellas mercurial minimum thermometer, 
Stewart on Heaty p. 22) ; but no one has yet succeeded in 
producing such an instrument fit for general use. 

Deep-sea and Well Thermometers. — The instruments 
which have been most successfully employed for the obser- 
vation of the temperature of water at great depths are self- 
registering thermometers either of Six’s or Phillips’ con- 
struction, inclosed in a glass-case, hermetically sealed, con- 
taining air and a little alcohol. The glass-case and inclosed 
air protect the bulb of the thermometer from the immense 
pressure of the superincumbent water, which by compress- 
ing the bulb would force mercury into the tube*, and make 
the reading too high. The instrument represented in Fig. 


194 C was designed by Sir Wm. Thomson, and is used by 
Protected the Committee on Underground Temperature appointed 
Thermometer, the British Associatidh. A is the protecting case, B 
the Phillips’ thermometer inclosed in it, and supported by three 


pieces of cork ccc, A small quantity of spirit 8 occupies the lower 
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part of the case; d is the air-bubble characteristic of Phillips’ 
thermometer, and serving to separate one portion of the mercurial 
column from the rest. In the figure this air-bubble is represented as 
expanded by the descent of the lower poition of mercjury, while the 
upper portion remains suspended by adhesion. Tliis instrument has 
been found to register correctly even under a pressure of tons to 
the square inch. 

The use of the spirit a is to brkig the bulb more quickly to tlie 
temperature of the surrounding medium. 

Another instrument, designed, like the foregoing, for ob- 
servations in wells and borings, is WaJferdiiis maximum 
thermometer (Fig. 196). Its tube terminates above in a fine 
point opening into a cavity of considerable si^e, which con- 
tains a sufficient quantity of mercury to cover the point 
when the instrument is inverted. The instrument is set by 
placing it in this inverted position and warming the bulb 
until the mercury in the stem reaches the point and becomes 
connected with the mercury in the cavity. The bulb is then 
cooled to a temperature lower than that which is to be ob- 
served, and during the operation of cooling mercury enters 
the tube so as always to keep it full. The instrument is 
then Ibwered in the erect position into the bore where ob- 
servations are to be made, and when the temperature of the 
mercury rises a portion of it overflows from the tube. To 
ascertain the maximum temperature which has been experi- 
enced, the instrument may be immersed in Vt bath of known 
temperature, less than that of the boring, and the amount of 
void space in the upper part of the tube will indicate the 
excess of the maximum temperature experienced above that of the 
bath. 

If the tube is not graduated, the maximum temperature can be 
ascertained by gradually raising the temperature of the bath till the 
tube is just fuU. 

If the tube is graduated, the graduations can in strictness only 
indicate true degrees for some one standard temperature of setting, 
since the length of a true degree is proportional to the quantity of 
mercury in the bulb and tube ; b/it a difference of a few degrees in 
the temperatifre of setting is immaterial, since #10° Cent, would only 
alter the length of a degree by about one six-huhdredtli part. 

190. Thermograph. — A much more complete method of obtaining 



I 


Fig. 190. 
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a re^ster of the indications of a thermometer in the absence of an 
observer is now adopted in the principal British observatories. It 
consists in the photographic registration of the height of the mercurial 
HJolumn at every instant during the entire day. A sheet of sensitized 
paper is mounted on a vertical cylinder just behind the mercurial 
column, which is also vertical, and is protected from the action of 
light by a cover of blackened zihc, with the exception of a narrow 
vertical strip just behind the mercurial column. A strong beam of 
light from a lamp or gas flame is concentrated by a cylindric lens, so 
that if the thermometer were empty of mercury a bright vertical 
line of light would be thrown on the paper. As this beam of light 
is intercepted by the mercury in the tube, which for this purpose is 
made broad and . flat, only the portion of the paper above the top of 
the mercurial column receives the light, and is photographically 
affected. The cylinder is made to revolve slowly by clock-work, and 
if the mercury stood always at the same height, the boundary between 
the discoloured and the unaffected parts of the paper would be straight 
and horizontal, in consequence of the horizontal motion of the paper 
itself. In reality, the rising and falling of the mercury, combined 
with the horizontal motion of the paper, causes the line of, separation 
to be curved or wavy, and the height of the curve above a certain 
datum-line is a measure of the temperature at .each instant of the 
day.^ The whole apparatus is called a thermography and apparatus 
of a similar character is employed for obtaining a continuous photo- 
graphic record of the indications of the barometer^ and magnetic 
instruments. 

191. Metallic Thermometers. — Thermometers have sometimes been 
constructed of solid metals. Breguet’s thermometer, for example 
(Fig. 197), consists of a helix carrying at its lower end a horizontal 
needle which traverses a dial. The helix is composed of three 
metallic strips, of silver, gold, and platinum, soldered together so as 
to form a single ribbon. The silver, which is the most expansible, is 
placed in the interior of the helix ; the platinum, which is the least 

^ Strictly speaking, the temperatures corresponding to the various points of the curve are 
not read off by reference to a single datum-line, but to a number of datum-lines which 
represent the shadows of a set of horizontal wires stretched across the tube of the ther- 
mometer at each degree, a broader wire being placed at the decades, and also at 32®, 62®, 
and 72®. 

In order to give long degrees, the bulb of the thermometer is made very large — eight 
inches long, and *4 of an inch in internal diameter . — (Greenmck Observations^ 1847.) 

* See § nOA. 
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expansible, on the exterior; and the gold serves to connect them. 
When the temperature rises, the helix unwinds and produces a 
deflection of the needle; when the temperature falls, the helix winds 
up and deflects the needle in the opposite direction. 

Fig. 1 98 represents another dial-thermometer, in which the thermo- 
metric portion is a double strip composed of steel and brass, bent into 




Fig. ]07.— Breguot’s Thermometer. 


Fig. B18. — Metallic Tliermometer. 


a circular form. One extremity is fixed, tlic other is jointed to the 
shorter arm of a lever, whose longer arm carries a toothed sector. 
Tliis latter works into a pinion, to which tlie needle is attaclied. 

It may be remarked that dial-thermometers are very well adajited 
for indicating maximum and minimum temperatures, it being only 
necessary to place on opposite sides of the needle a pair of movable 
indices, which could be pushed in either direction according to the 
variations of temperature. 

Generally speaking, metallic thermometers offer great facilities for 
automatic registration. 

In Secchi’s meteorograph, for example, the temperature is indi- 
cated and registered by the expansion of a long strip of brass (about 
17 metres long) kept constantly stretched by a suitable weight; this 
expansion is^^endered sensible by a system of levers connected with 
the tracing point. The thermograph of Hasler and Escher consists of 
a steel and a brass band connected together and rolled into the form 
of a spiral. The movable extremity of the spiral, by acting upon a 
])rojecting ayn, produces rptatiofi of a steel axis which carries the 
tracer. 

192. PjTometers. — Metallic thermometers can generally be em- 


262 


THERMOMETBY. 


ployed for measuring higher temperatures than a mercurial ther- 
mometer could bear ; but there is great difficulty in constructing any 
instrument to measure temperatures as high as those of furnaces.* 
Instruments intended for this purpose are called pyrometers. 

Wedgwood, the famous potter, invented an apparatus of this kind, 
consisting of a gauge for measuring the contraction experienced by a 



Pig. 199.— Brongniart’s Pyrometer. 


piece of baked clay 
when placed in a fur- 
nace; and Brongni- 
art introduced into 
the porcelain manu- 
factory at Sevres 
the instrument re- 
presented in Fig. 199, 


consisting of an iron bar lying in a groove in a porcelain slab, with 


one end abutting against the bottom of the groove, and the other 


projecting through the side of the furnace, where it gave motion to 


an indicator. 


Neither of these instruments has, however, been found to furnish 
consistent indications, and the only instrument that is now relied 
on for the measurement of very high temperatures is the air-ther- 
raometer. 


193. Differential Thermometer. — Leslie of Edinburgh invented, in 
the beginning of the present century, an ingenious instrument which 
enables us to measure small variations of temperature. A column of 
sulphuric acid, coloured red, stands in the two branches of a bent 
tube, the extremities of which terminate in two globes of equal 
volume (Fig. 200). 

When the air contained in the two globes is at the same tempera- 
ture, whatever that temperature may be, tlie liquid, if the instrument 
is in order, stands at the saihe height in the two branches. This 
point is marked zero. One of the globes being then maintained at a 
constant temperature, the other is raised through, for instance, 5 de- 
grees, when the column rises on the side of the colder glbbe up to a 
point a, and descends on the other side to a point b. Suppose the 
space traversed by the liquid in each branch to be divided into 1 0 
equal parts, each part will be ecjuivalent to a quarter of a degree. 

This division is continued lipon each branch on both sides of zero. 

The differential therinometer is an instrument of great sensibility, 
and enabled Leslie to make some very delicate investigations on the 
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subject of the radiation of heat. It is now, however, superseded by 
the thermo-pile invented by Melloni, This latter instrument will be 
‘described in another portion of this work. Kumford’s thermoscope 
(Fig. 201) is analogous to Leslie’s differential thermometer. It differs 



Fig. 200.--Lo»lie’B Uiifereiitial Therinouietcr. Fig. -JOl.- iUiuifonl’B Thermoncope. 


from it in having the horizontal part mucli longer, and the vertical 
* branches shorter. In tlie horizontal tube is an alcohol index, which, 
when the two globes are at the same temperature, occupies exactly 
the middle. 

The tube is divided into ecpial parts, and the number of divisions 
traversed by the index is proportional very nearly to the difference 
of temperature between the two bulbs. 
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194. Measure of Expansion, Modulus of Expansion. — When a .suh- 
sLiuice expands, so that its volume changes from V to V'=V4-v, the 

ratio y is the numerical measure of the expansion per unit volume, 
and is usually called simply the expansion of the substance. 

y/ 

Anotlier ratio which it is frequently necessary to consider, is y , or 

1 4-y, that is to say, the ratio of the final to the initial volume. This 
may conveniently be called the factor of expansion, or the expansion 
factor. If ni denote the expansion, 1+m will the factor of ex- 
|)ansion, and we have 

V' = V(l+m). (1) 

195. Coefficient of Expansion. — It often happens that when the 
temperature of a body is increased by successive equal amounts, 
the successive increments of volume are also equal. In this case the 
])ody is said to expand uniformly between the extreme temperatures, 
and if V denote the volume of the body at 0° Cent, and V' its 
volume at f, then we have 

V'=Y(1 + K0; (2) 

where K is a constant number, called the coefficient of expansion 
per degree Centigrade. 

The coefficient of expansion per degree Fahrenheit ^ill be of 
this value of K, and the coefficient of expansion for the interval 
from 0® to 100^" C. (if the expansion be tiniform through this range) 
will be 100 K. 

196. It is usual to employ the name coeffeient of expansion to 
denote the coeflSicient of expansion per degree, -the thermometric scale 
referred to being stated in the context. 
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Example. The volume of a glass vessel is 450 cubic inches at 
0° C.; find its volume at 80° C., the coefficient of expansion for glass 
being -00002. . By (1) -we have 

V' =450 (1 + 80 X *00002) = 450*72 cubic niches. 

197. Oubfe, Linear, and Superficial Expansion.— Thus far we have 
considered only expansion of volume. When a solid body expands, 
we may consider separately the increase of one of the linear dimen- 
sions of the body ; this is called the linear Or we may 

consider the increase in area of any portion of its surface, which is 
called the superficial expansion; or finally, the increase of volume, 
which is called expansion of volume, or cubical expansion. By 
substituting the words ''length*' and "surface” for "volume’* in § 194 
we obtain definitions of linear and superficial expansion as numerically 
expressed, and we can demonstrate the two following propositions: — 

(1.) The cubical expansion is three times the linear expansion. 

(2) The superficial expansion is twice the 
linear expansion. 

Suppose Fig. 202 to represent a cube formed 
of any substance, and let the length of each edge 
of the cube be unity at zero; the volume is con- 
sequently equal to 1, and the area of any one 
of the faces is also represented by 1. Tf the 
body be heated to any temperature t, each of the 
edges will increase by a certain quantity and the area of each face 
will become (1 +21 + P, while the volume of the cube will 

become 

But as the quantity l, which rejnesents the linear expansion, is 
always very small, we may, without sensible error, neglect its second 
Mud third powers in comparison with its first power. We thus see 
that the increase in area of one of the faces of the cube is sensibly 
equal to 2Z, and that the increase in volume is sensibly e(iual to 31, 
which proV(^ the propositions. These propositions evidently hold 
for the coefficients of expansion, so that we may say that the coep,- 
dent of linear expansion is equal to one-third of the coefficient of 
cubical expansion^ and to one-half of the coefficient of superficial 
expansion. 

The above demonstration supposes the body to remain similar to 
itself during expansion, which is not the case with bodies of a fibrous 



Fig. 202. 
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or laminated structure, nor with crystals, except those belonging to 
the cubic system. 

198. Various FormulaB. — From equations (1) and (2) we may find 
the value of V in terms of V', thus. 


V' 


(3) 


V 






that is to say, given the volume of a body at a certain temperature, 
the volume at zero is found by dividing the given volume hy the 
factor of expansion. 

Formulm (1), (2), (3), and (4) are particular cases of a more general 
formula. Let V and V' be the volumes of the same body at tempera- 
tures t and t' respectively, U the volume at zero, K the coefficient of 
expansion, and m and m' the respective expansions between 0 and t, 
and 0 and t\ We then have, by formulae (1) and (2), 


V==U (l+r/7) = U (1+Kf) 

(1 + r/O-U (1+Kf); 

whence by division 

V ] + »t 1 + ¥it 
V' = i + wi' = l + K?’ 


or the volumes of the same body at different temperatures are pro- 
portional to the factors of expanskm. 

The above formuLne are evidently applicable also. to linear and super- 
ficial expansions. 

199. Influence of Temperature upon Density. — As the density of a 
substance is inversely as the volume occupied by unit mass, it follows 
from last section that the densities of the same substance at different 
temperat ures are inversely as the factors of exp)ansion, so that if D, 
D', denote the densities at the temperatures t, t\ 0, then 

• 

D = 

D' 1 + m r+KF 

200. Correction of Speciflc Gravity for Temperature. — Let d be the 
density of a substance at temperatifire f Cent., and ij,s density at 
0® C. Also, let T> be thfe density of water at f C., and its density 
at 4° C. (the temperature of maximum density). Then if the specific 


I>0 Pq 

Po_ __ _^0 
i -fw' ■" 1 +K^' 
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gravity of tbe substance be computed by comparing its density with 
that of water At the same temperature, as in the ordinary methods of 

experimental determination, the specific gravity thus obtained is 

and has different values according to the temperature at which the 
determination is made. 

The specific gravity as commonly given in tables is the value of 
^ ; that is to say, is the ratio of the density of the substance at O'" C. 
to that of water at the temperature of maximum density. The tabular 
specific gravity is easily derivable from the observed specific gravity 

if the law of expansion of the substance be known; for if 1+m 
be the factor of expansion of the substance from C. to f 0., and 
I the factor of expansion of water from 4?'" C. to f G, then 

D4=:D(1+C). ' 

Hence, 

^ l-i??' or the correcting factor required ia 
D l+c 1 

In the case of solid bodies this correction is generally of little im- 
portance; but in determining the sp(?cific gravities of liquids, espe- 
cially those which are vety expansible by heat, it qaiinot be neglected. 

201. Formulae for the Expansion of Oases. — The volume of a gas 
vlepends both on the temperature and on the pressure to which it is 
subjected; hence the forrauhe of expansion for this class of bodies are 
somewhat more complicated. Suppose we wish to find the relation 
between the volumes V and V' of the same mass of gas at tempera- 
tures t and t\ and under pressures P and P' respectively. Let U be 
the volume of the given mass of gas at pressure P and temperature 
t\ and let a be the coefficient of expansion of the gas. 

The two volumes V and XJ, being under the same pressure, are 
proportional to the expansion factors corresponding to their tempera- 
tures (§ 198), which gives 

U 1+ar’: 

The volumes U and V', at the same temperature t\ are, by Boyle’s 
law, inversely proportional to the pressures; whence we have . 


From these two equations we obtain by multiplication 
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Y^Fl + a« 
T- P l+at* 


(?) 


which means that the volumes assumed hy the same mass of gas are, 
inversely lyropovtional to the pressures^ cmd directly proportional 
to the expansion factors correspond/ing to the temperatures. 

From equation (9) we may easily deduce another equation, by 
remarking that the densities of the same quantity of gas must be 
inversely as the volumes occupied. Thus we have 


D_P l + a^' 
t)' + 


( 10 ) 


which signifies that the density of a gas varies directly as the pres- 
sure, and inversely as the expansion factor corresponding to the 
temperature. 
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202. Laplace and Lavoisier’s Experiments. — Lajdace and Lavoisier 
determined the linear expansion of a great number of solids by the 
following method. 

The bar AB (Fig. 203) whose expansion is to be determined, has 
one end fixed at A, wliile the other can move freely, pushing before 
it the lever OB,- which is 
movable about the point 
0, and carries a tele- 
scope whose line of sight 
is directed to a scale at 
some distance. It is evi- 
dent that a displacement 
BB' will correspond to a 
considerably greater length 
CC' on the ,^cale, which will 
increase with the distance 
of the scale from the telescope. Tlie ratio of CC' to BB is equal 
to the ratio of OC to OB, and is the same throughout the whole 
course of experiments. In order to determine this ratio once for all, 
we have only to measure the distance CC on the scale correspond- 
ing to a known displacement BB'. 

The apparatus employed by Laplace and Lavoisier is shown in Fig. 
204. The trough C, in which is laid the bar whose expansion is to 
be determined, is placed between four massive uprights of hewn stone 
N. One of the extremities of the bar rests against a fixed bar B', 
firmly joiae,^ to two of the uprights; the other extremity pushes the 
bar B, which produces the rotation of the axis u(i\ This axis carries 
with it in its rotation the telescope LL', which is directed to the 


L 



Fig. 203. 

Priwciplo of the Method of Laplace and Lavoisier. 




Fig. ‘204. — ApparatuB of Laplaco and Lavoisier. 


.telescope. The temperature of the trough is then raised, and the 
corresponding increase of length is measured. 

Laplace and Lavoisier have discovered by this means that tlie 
expansion of solids is sensibly uniform between 0° and 100'" C; above 
this latter point it varies with the temperature. 

The following table contains the most important results obtained 


by them : — 

^Coefficients op Linear Expansion. 

Gold, Paris standard, annealed, 0*000015153 i Soft wrought iron, . . . 0*000012204 

„ „ unannealed, 0*000015515 Round iron, wire drawn, , 0*000012350 

Steel not tempered, ^ . . . 0*00001 0^792 English flint-glass, . . , 0*000008110 

Tempered steel reheated to 65°, 0*000012395 Gold, procured by parting, . 0*000014660 

Silver obtained by cupellation, 0*000019075 Platina, 0*000009918 

Silver, Paris standard, . , 0*000019086 Lead, 0*000088483 

Copper, 0*000017173 French glass with lead, . . 0*000008715 

Brass, 0*000018782 Sheet zinc, 0*000029416 

Malacca tin, 0*000019376 Forged zinc, ...... 0*000031083 

Falmouth tin, . . , . . 0*000021729 


4 

A simpler and probably more accurate method of observing expan- 
sions was employed by Ramsden and Roy. It consists in the direct 
observation of the distance moved by either end of the bar, by means 
of two microscopes furnished with micrometers, the microscopes 
themselves being attached to an apparatus whicli is kept g.t a constant 
temperature by means of ice. 

203. Compensating Pendulum. — The pendulum, as we know, regu- 
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lates the motion of a clock. Suppose the clock to keep exact time 
at the temperature of zero; theii if the temperature rises the length 
of the pendulum yvill increase, and with it the duration of each oscilla- 
tion, so that the clock will lose. The opposite effect would be pro- 
duced by a fall of the temperature below zero. We thus see that 
clocks are liable to go too fast in winter, and too slow in summer, 
and that we must move the bob of the pendulum from time to time 
in order to insure their regularity. ^ 

Tlie effect of temperature may be notably 1 


diminished by means of compensating pendu- 
iums, of which there are several different 
kinds. 

]. HarAson'8 Oridiron Pendulum . — This 
consists of four oblong frames, the uprights of 
which are alternately of steel F and of brass 
C (Fig. 205); the brass uprights rest upon 
the bottom of the steel 

flames, and to the top ^ 1 ^ 

of the second brass 
frame is attached tlie 
steel rod carrying the 
bob. From this ar- 
rangement it follows 
that the effect of the 
lengthening of the steel 
rods will be to lower 
the bob, while that of 
the lengthening of the 
brass rods will be to 
raise it. It will be seen 
that these two effects 
may be made com- 
pletely to neutralize 
each other ; •* we have 
only to insure that the orWiZ Ponduium, 

whole expansion of the 
steel shall be equal to that of the brass. ^ 






Fig. 206 . 

Gridiron Pendulum. 


If L and L' be the 


^ As the weighT of the frame cannot be altogether neglect ed, and the change of dimen- 
sions produced by expansion affects the moment of inertia, the condition of compensation 
stated in the text can only be taken as approximate. 
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sum of the lengths of the steel and brass rods respectively; then 
this neutralization will be effected if LKteL'K'^, or if LK=:L'K', 
where K and K' are the respective coefficients of expansion of steel 
and bniss. 

From the table on page 270 we learn that K is about | K'; 
thus the sum of the lengths of the brass rods must be about | 
of that of the steel rods. This result shows that we must have at 
least two brass frames, for with ^ only one the compensating effect 
could not be produced, as the length of the steel rods would in that 
case be about double that of the brass. If we wish to have only a 

single frame of each different 
metal, we must choose two 
whose difference of expansion 
is much more marked; such, 
for instance, as iron and zinc, 
which are employed in Jur- 
gensen^s pendulum. 

In order that the compen- 
sation may be complete, the 
centre of oscillation (§ 4Cj 
must remain at the same dis- 
tance from the centre of sus- 
pension. The screw above 
the bob, shown in Fig. 200, 
enables us to attain this end 
by slightly raising or depress- 
ing the bob, and is intended 
to be used once for all to ad- 
just the pendulum to the pro- 
per rate. 

2. GraliaiYis Pendulum , — 
This consists of an iron rod 
carrying at its lower end a 
frame, in whiclrare fixed one 
or two glass cylinders con- 
ZS-SSr tainmg merc.^. Wh.!, tb. 

temperature rises the length- 
ening of the rod lowers the centi^' of gfavity and cgntre of oscil- 
lation of the whole; but the expansion of the mercury produces the 
contrary effect; and it, will readily be understood that the quantity 
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of mercury in the cylinders may be such as to produce an approxi- 
mately perfect compensation. * 

. 3. Ellicott's Pendulum . — This pendulum, which was invented in 

England in the last century, is known in France as Brocot's pendu- 
lum, and is frequently used in small French clocks. The main rod 
/ is of iron. Attached to a cross -bar at the upper part of tliis rod are 
two brass rods cc, which, by means of the levers a a and the pins it, 
attached to the bob, raise this latter when the temperature rises. 
The arras of the levers may evidently be so chosen as to maintain 
the centre of oscillation at an invariable distance from the axis of 
suspension, by means of the different expansive powers of iron and 
brass. 

204. Force of Expansion of Solids. — The force of expansion is very 
considerable, being equal to the force necessary to compress the body 
to its original dimensions. Thus, for instance, iron when heated from 
0® to 100° increases by *0012 of its original length. In order to pro- 
duce a corresponding change of length in a rod an inch square, a 
force of about 15* tons would be required. It would be useless to 
attempt to offer any mechanical resistance to a force so enormous; 
the only thing that can be done, in the case of structures in which 
metals are employed, is to arrange the parts in such a manner that 
the expansion shall not be attended with any evil effects. Thus, in 
a railway, the rails do not touch each other, a small interval being 
left to allow room, for the variations of length. Iron beams employed 
in buildings must have the end free to move forward without encoun- 
tering any obstacles, which they would inevitably overthrow. Sheets 
of zinc and lead employed in roofing, are so arranged as to be able in 
a certain extent to overlap each other on expansion. 

We may further remark that the expansion of metals, though 
relatively very small, may practically become very considerable, if 
the length of metal which expands is sufficiently great. Suppose we 
take as an instance the length of railway from London to Edinburgh, 
which is about 400 miles. The extreme variations of temperature 
from wintdr iio summer are about 50° C., which would produce a 
variation of length amounting to 400 X 6280 X 00061 = 1 288 feet. 
The actual variation is very considerable, and if the rails formed a 
continuous line at a certain temperature, this line would be inter- 
rupted or broken in pieces upon a change of temperature occurring 
in either direction. 

206. Conversion of Heat into Work. — In conclusion, we may remark 
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that heat when applied to a bar of metal produces two distinct and 
separate effects; one shown in the rise of temperature, and the other 
in the increase of volume. We may reasonably suppose that if the 
solid body were heated under such conditions as to preclude its expan- 
sion, the same quantity of heat would produce a much greater ther- 
mometric effect than in the former case. A similar remark applies to 
liquids and gases, and can be easily verified by experiment in the 
case of these latter. Here, then, is the first instance of a physical 
phenomenon of very frequent occurrence, namely, the conversion of 
heat into work, or reciprocally, of work into heat. Whenever a 
quantity of heat appears to be lost, the reason is that a corresponding 
amount of work is produced. If, on the other hand, work is done in 
compressing a body, so as to reduce it to the volume which it would 
occupy at a lower temperature, a rise of temperature is necessarily 
produced. 
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206. Relation between Real and Apparent Expansion. — If a vessel 
containing a liquid be heated, the level of the liquid rises, in conse- 
(jueiice of the excess of the expansion of the liquid over tliat of the 
vessel. The observed increase of volume, not corrected for the ex- 
])ansion of the vessel, is called the apparent expansion. It is evidently 
less than the real expansion, for if the volume of the vessel had 
remained the same, the level would have risen higher. 

The coefficients of real and apparent expansion are connected with 
the coefficient of expansion of the vessel by a very simple relation. 

Let us take the case of a liquid contained in a vessel similar to a 
thermometer in shape, that is, suppose the tube to be divided into 
parts of equal capacity, and that we know by previous gauging how 
many divisions are equivalent to the volume of the reservoir. 

Let denote the number of divisions occupied by the li(juid at 
zero, and the number of divisions occupied at temperature f. 

Then ^ is the factor of ay)parcnt expansion, and --“1 is the 
apparent expansion. 

Let us, for simplicity, take for our unit of volume the volume of a 
division at zero. Then if K be the expansion of the glass, the volume 
of a division at f will be 1 +K. 

The volume of the liquid at f is nt of these divisions, and is there- 
fore (1 + El). 

But if m be the real expansion of the liquid, the volume at f is 
(1 +m) since is the volume at zero. 

Hence we have 

lit (i+iC) = (i+wi)»o; 
and 

~ 1 + K* 
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That is, the factor of apparent expansion is equal to the factor of 
real expansion of the liquid divided by that of the vessel. Denote 
the factor of apparent expansion by 1 + a. 

Then since from above 


we have 


l + A 




whence 


l+Wlae (l+A) (1 +1C) =1 + A +K+ aKj 
A +K + aK ; 


or since aK is much smaller than either A or K, and may in general 
be neglected, 

«l=: A + K. 

That is, the real expansion of the liquid is equal to the apparent 
expansion plus the expansion of the vessel; and consequently, the 
coefhcient of real expansion is equal to the coefficient of apparent 
expansion plus the coefficient of expansion of the vessel, 

207. Expansion of Glass. — By means of this relation we can find 
the coefficient of expansion of any kind of glass ; we have only to 
measure the coefficient of apparent expansion of the mercury in a 
thermometer made of tins glass, and to subtract it from the coefficient 
of absolute expansion of the rnetal, which, as we shall see afterwards, 

is equal to The coefficient of apparent expansion varies a little 

according to the quality of the glass employed; if we take it as 

which is Dulong and Petit's determination of its mean value, we shall 
have for the coefficient of expansion of glass 

1 

5550 "■ 6480 “ 38700 * 

208. Expansion of any Liquid. — The coefficient of expansion of the 
glass of which a thermometer is composed being known, we may use 
the instrument to measure the expansion of any liquid. For this 
purpose, the liquid whose coefficient of expansion is to be d^^termined 
is introduced into the thermometer, and the number of divisions n^ 
and Uf occupied by the liquid at the temperatures 0® and f respec- 
tively, are observed. Then, if D, A, K, be the coefficients of real 
expansion, of apparent expansion, and of expansion of the glass, each 
reckoned per degree Qentigrade, we have 

— 1 = A^, whence A is known J and 

"o , 
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1 4-D= (1 + a) (1 +K), or D=r A+K nearly, whence D is known. 

M. Pierre has performed an ejctensive series of experiments by this 
method upon a great number of 
liquids. 

The apparatus employed by 
liim is shown in Fig. 209 . The 
thermometer containing the given 
liquid is fixed beside a mercurial^ 
thermometer, which marks the 
temperature. The reservoir and 
a small part of the tube are im- 
mersed in the batli contained in 
the cylinder bedow. The upper 
parts of the stems are inclosed in 
a second and smaller cylinder, the 
water in which is maintained at a 
sensibly constant temperature in- 
dicated by a very delicate thermo- 
meter. 

From these experiments it ap- 
pears that the expansions of li- 
quids are in general much greater 
than those of solids. Further, ex- 
pansion does not proceed uni- " 

formly, as compared with the . rig. 209.-Pi.rr.'. Awaratu. 
indications of a mercurial ther- 
mometer, but increases very perceptibly as the temperature rises. 
This is shown by the following table: — 

Volume at 0". Volume at 10*. Volume at 40 


Water 1 1*000146 , 1-007492 

Alcohol 1 1 010061 1-044882 

Ether 1 1-015403 1*066863 

Bisulphide of carbon... 1 1*011554 1*049006 

Wood-Spirit 1 • 1*012020 1*050509 



209. Maximum Density of Water.— By applying the experimental 
method just described to the case of water, we may easily observe 
the volume occupied by the same weight of this liquid at different 
temperaturei^ and it has thus b(JCn found that this volume is least at 
4° Centigrade. At this temperature, accordingly, the density of water 
is a maxdmum, so that if a qumitity of water at this temperatuie be 
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either heated or cooled it undergoes an increase of volume. This is 
a curious and unique exception to th*e genertil law of expansion by 
heat 

This anomaly may be exhibited by means of the apparatus repre- 
sented in Fig. 210, which consists of two thermometers, one of 
alcohol, and the other of water. The reservoir of this latter, on 
account of the smaller expansive power of the liquid, is a long spiral, 
envelo])ing that of the alcohol thermometer. 
Both the reservoirs are contained in a metal 
box, which is at first filled with melting ice. 
The two instruments are so placed, that at 
zero the extremities of the two liquid columns 
are on the same horizontal line. This being 
the case, if the ice be now removed, and the 
apparatus left to itself, or if the process be 
accelerated by placing a spirit-lanip below 
the box, the alcohol will immediately be seen 
to rise, wliile the water will descend; and the 
two liquids will thus continue to move in 
opposite directions until a temperature of 
about 4° is attained. From this moment the 
water ceases to descend, and begins to move 
in the same direction as the alcohol. This 
experiment, although very well adapted for 
exhibiting the phenomenon, does not enable 
us to measure exactly the temperature of 

Pig. 210. — Maxiinnm Density . i • -j • , 

of Water. maximum density, since it is the ap|)arent, 

and not the real, expansion of water which 
is thus observed. The following experiment, which is due to Hope, 
is more rigorous. 

A glass jar is employed, having two lateral openings, one near the 
top and the other near the bottom, which admit two thermometers 
placed horizontally. The tube is filled with water, and its middle is 
surrounded with a frigorific mixture. The following plien'oinena will 
then be observed. 

The lower thermometer descends steadily to 4°, and there remains 
stationary. The upper thermometer at first undergoes very little 
change, but when the lower one hai^ reached the fixed ^temperature, 
the upper one begins lo fall, reaches the temperature of zero, and, 
finally, the water at the surface freezes, if the action of the frigorific 
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mixture continues for a sufficiently long time. These facts admit 
a very simple explanation. 

. As the water in the middle portion of the tube grows colder its 
density increases, and it sinks to the bottom. 

This process goes on till all the water in 
the lower part of the vessel has attained the 
temperature of 4®. But when all the water 
from the centre to the bottom has attained 
this temperature, any further cooling of the 
water in the centre fails to produce motion, 
until needles of ice arc formed. The.se being 
specifically lighter than water, rise to the sur- 
face, and tlius produce a circulation which 
causes the water near the surface to freeze, 
while that near the bottom remains at the 
temperature of 4^ 

This experiment represents on a small scale what actually takes 
]>lace during winter in pools of fresh water. The fall of temperature 
at the surface does not extend to the bottom of tlm pool, where the 
water, whatever be the external temperature, seldom falls below 4°. 
This is a fact of great interest, as exemplifying the close connection 
of natural phenomena, and the manner in wdiich they contribute to 
a common end. It is in virtue of this anomaly exhibited by water 
in its expansion, taken in conjunction with the specific lightness of 
ice and the low conducting jiower of water, that the temperature at 
the bottom of deep pools remains moderate even during the severest 
cold, and that the lives of aquatic animals are preserved. 

210. Saline Solutions. — ^In the case of saline solutions of different 
densities, the temperature of maximum density falls along with the 
freezing-point, and in fact falls more rapidly than this latter, so that 
for solutions containing a certain proportion of salt the temperature 
of maximum density is below the freezing-point. In order to show 
this experimentally, the solution must be placed in such circumstances 
as to remaliiwliquid at a temperature below its freezing-point. This 
is a curious example of the continuity of physical laws, and of the 
restriction which must be applied in physics to the generally correct 
and logical principle of final causes. For salt water has a point of 
maximum density, although before that point is reached congelation 
takes place. *In this instance the maximum density plays no part in 
the designs of naturdj and leads to no practical benefit, being simply 



Fig, !2n. 

Hope’s Experiment.. 
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a proof, of the permanence of a physical law, even when the circum- 
stances on which its utility depended- have disappeared. 

211. Law of the Expansion of Liquids. — As we have shown above. 
(§ 208), the expansion of liquids does not advance uniformly with the 
temperature; whence it follows that the mean coefficient of expansion 
wiH vary according to the limiting temperatures between which it is 
taken. 

From a general review of the researches which have been made on 
this subject, it appears that for a 'great number of liquids the mean 
coefficient of expansion increases uniformly with the temperature. 
If, therefore, A be the expansion from 0 to t, we have 

Y = a + 6^, whence A = + ht^, 

a and h being two constants specifying the expansibility of the given 
liquid. 

For some very expansible liquids two constants are not sufficient, 
and the expansion is represented by the formula 

We subjoin a few instances of this class taken from the work of 
M. Pierre: — 


Alcohol A =0-0010486 0*0000017510 +0*00000000134518 

Ether A = 0 0015132 « + 0*0000023592 +0*000000040051 

Bisulphide of carbon.... A -0-0011398 1^ + 0*0000013707 + 0-00000019123 

Bromine A = 0-0010382 < + 0*0000017114 <® + 0*0000000054471 

An examination of the formulae for the different liquids which 
have been tested, shows that none of them have a point of maximum 
density ; this property remains peculiar to water. 

212. Absolute Expansion of Mercury. — The great importance of 
mercury in ph 3 "sical experiments, especially in connection with the 
barometer and thermometer, render it necessary to determine very 
accurately the coefficient of expansion of this liquid. This determina- 
tion has been effected by Dulong and Petit by a vqfy* ingenious 
method, in which the observation of the heights of liquid columns is 
substituted for the measurement of volumes, which is always open 
to some uncertainty. 

A and B are two tubes containing mercury, and communicating 
with each other b}’^ a very narrow tube CD. If the telnpeiature of 
the liquid be uniform, the mercury should stand at the same height 
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in both branches, according to the fundamental law. of liquids in 
communicating vessels. But if ‘the tube AO, for instance, be kept at 
Cent, and the temperature of BD be 
raised, the density of the heated liquid will 
become less, and a greater height will conse- 
qucntly be required to equilibrate tlie pres- 
sure of the other column. 

Suppose the horizontal tube divided by a 
vertical section, and let h and It denote the 
respective heights of the liquid in the cold 
and in the heated branches al)ove the centre 
of gravity of ^this section. As the pressures 
on both sides must be equal, we must have 
the equation hdrzh'd', where d and d' are 

. T , Fig. 212.— Principle of Dulong’n 

tlie densities ot the mercury at zero and at Method, 

the other given temperature. 

But from what has been said above (§ 199), we have 
where m is the expansion of the liquid from 0” to f ; and conscquentl 3 ^ 
whence 

hf^h 

k ’ 

We thus see that it is sufficient to measure exactly the heights It and 
h in order to find m. 

We should remark, that the centre of gravity of the liquid section 
which we have been considering, is the only point of it which is in 
equilibrium; the upper part is subject to a greater pressure on the 
side of the heated liquid, and the lower part on tlie side of tlie cold ; 
there is thus a tendency to the ])rod action of two opposite currents, 
which, however, is almost completely destroyed by tlue smallness of 
the bore of the connecting tube. Even supposing these currents 
actually to exist, the inverse effects produced by them would sensibly 
compensate each other, compared with the heights of the liquid in 
the two branolies. 

The following is the method by which Dulong and Petit have 
carried out the above principle. 

The connectino* tube, between the two branches A and B of the 
apparatii.? (Fi^. 213), rests upon, a T-sliaped iron support, carrying 
two spirit-levels at right angles to each othei' for insuring horizon- 
tality. One of the Branches B is inclosed in a cylinder containing 
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melting ice; the other A is surrounded by a copper cylinder filled 
with oil, and heated by a furnace connected with the apparatus. In 
making an observation the first step is to arrange the Jipparatus so 



Fig. 213. — Apparatiifl of Ouloiig and Petit. 


that, when the oil is lieated to the temperature required, the mercury 
in the tube A may just be seen above the top of the cylinder, so as 
to be sighted with the telescope of a cathetometer ; this may be 
effected by adding or taking away a small quantity of oil. The 
extremity of the column 13 is uueiii gives the difference 

of the heights h' and peculiar to wate^j.y determine the 

absolute height h Mercury.-The j 

For this purpose especially i^^rk i above the surface 

of the T-shaped render it measured. From this 

height half the exterri'?^ of expansion ofj horizontal tube is to be sub- 
tracted, and it only rei Dulong anj ^he distance of the end of the 
column B from the 9£e of the experiment. 

The temperature of tffP*.?x?^fs given by the weight-thermometer ty 
and by the air-thermometer r, which latter we shall explain here- 
after. 

By means of this mfethod Dulong and Petit ascertained that the 
expansion of mercury is sensibly uniform, as compared with the 
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indications of an air-thermometer, between O'" and 100° G Above 
this point it goes on increasing like other liquids, but not in any 
marked degree. , Thus, the mean coefficient between 0° and lOif is 

• ^ 7 ^. Between 0° and 200° it becomes and between 0° and 
300 ° 

Regnault, without altering the principle of the experiments of 
Dulong and Petit, introduced several improvements into their appar- 
atus, and added greatly to the length of the tubes A an<l B, thereby 
rendering the apparatus more sensitive. The results obtained by, 
him do not differ very materially from those of Dulong and Petit; 
thus, for instance, he makes the coefficient between (f and 100° equal 

His experiments show that the mean coefficient between 0° and 
">0° is a number almost identical with 

213. Expansion of Iron and Platinum. — The coefficient of absolute 
expansion of mercury being known, that of glass is deduced from it 
in the manner already 
indicated (§ 207). Du- 
long and Petit have 
deduced from it also tlie 
coefficients of expansion Fig. 214.— Expansion of Iron and Plailnura. 

of iron and platinum, 

neither of which metals are attacked by mercury. The method em- 
ployed is the following. 

The metal in question was introduced, in the shape of a cylindrical 
bar, into the reservoir of a weight- thermometer. Let W be the 
weiglit of the metal introduced, and 1) its density at zero. The 
process is the same as in using the weight-thermometer; that is, after 
having filled the reservoir with mercury at 0° C., we observe the 
weight w of the metal which issues at a given temperature L The 

volume at 0° C. of the mercury which has issued, is d being the 

density of mercury at zero; tlie volume at f is therefore ^ (1 +m^), 

m being the coefficient of expansion of mercury. This volume evi- 
dently represents the expansion of the metal, that of the 

mercury, Tiiinus that of the glass. If then M denote the weight of 
mercury that fills th^ apparatus at 0° C., and if K be the coefficient 




284 


EXPANSION OP LIQUIDS. 


of cubical expansion of glass, and x the expansion of unit volume of 
the given metal, we liave the equation 

whence we can find x. 

214. Convection of Heat in Liquids. — When different parts of a 
liquid are lieated to different temperatures, corresponding differences 
of density arise, leading usually to the formation of currents whicli 
tend to produce equality of temperature as far as their presence 
extends. To this phenomenon, whicli is altogether distinct from con- 
duction, the name of convection is given. 

Tlius, for instance, if we apply heat to the bottom of a vessel con- 
taining water, the parts immediately subjected to the action of the 
heat expand and rise to the surface; they are replaced by colder 
layers, which in their turn are heated and ascend; and thus the pro- 
cess continues indefinitely. The two currents can be very well 
shown by throwing some oak saw-dust into the water. By the 
movements of this substance, which has nearly the same density as 
water, it will be seen that the ascending current occupies the centre 
of the vessel, while the descending current passes along the sides. 

216. Heating of Buildings by Hot Water. — This is a simple applica- 
tion of the principle just stated. One of the most common arrange- 
ments for this purpose is shown in Fig. 215; it is called the low- 
pressure system, because the temperature never exceeds 100° 0. The 
boiler C is heated by a fire below it, and the products of combustion 
escape through the chimney AB. At the top of the house is a reser- 
voir D, communicating with the boiler by a tube. From this 
1 ‘escrvoir the liquid flows into another reservoir E in the story im- 
mediately below, thence into another reservoir F, and so on. Finally, 
the last of these reservoirs communicates with the bottom of the 
boiler. The boiler, tubes, and reservoirs are all completely filled with 
water, with the exception of a small space left above in order to 
give room for the expansion of the liquid. An ascending current 
flows through the left-hand tube, and the circulation continues with 
remarkable regularity, so long as the temperature of the w^ater in the 
boiler remains constant. 

216. Currents in the Sea. — In the production of these currents 
convection plays an important, though perhaps not the grincipal pari 
111 fact, the sea is an ’enormous mass of liquid whose temperature 
varies from point to point Equilibrium is consequently impossible. 
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and the different parts must therefore be in a state of continual 
motion with regard to each other. The waters of the tropical seas 
should, by reason of 
. their excess of tempera- 
ture, have a higher level 
than those of the polar 
seas; and the result is, 
a continual kind of 
overflowing of the wa- 
ters about the equator, 
and consequently a vast 
current setting towards 
the poles. But to this 
current evidently cor- 
responds a lower current 
of cold water flowing 
towards the .equator, 
there to become heated, 
to overflow again, and 
so on. One of the most 
remarkable of oceanic 
currents is that whicli 
is known as the Qulf 
Stream. This current 
of warm water forms a 
kind of immense river 
in the midst of the sea, 
differing in the tem- 
perature, saltness, and colour of its waters from the medium in which 
it flows. Its origin is in tlie Gulf of Mexico, whence it issues through 
the straits between the Baliamas and Florida, turns to the nortli- 
west, and splits into two brandies, one of which goes to warm the 
coasts of Ireland and Norway, tlie other gradually turns southwards, 
traverses the «Atlantic from north to south,. and finally loses itself in 
the regions of the equator. 

'‘Tlie Gulf Stream is a river in the ocean; in the severest droughts 
it never fails, and in the mightiest floods it never overflows; its 
banks and its bottom are of cold, water, while its current is of warm; 
it takes its rise in the Gulf of Mexico, and empties into Arctic seas. 
There is on earth no'bther such majestic flow of waters. Its current 
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is more rapid than the Mississippi or the Amazon, and its volume 
more than a tliousand times greater.* Its waters, as far out from the 
Gulf as the Carolina coasts, are of indigo blue. They are so distinctly 
marked that their line of junction with the common sea- water may 
be traced by the eye. Often one-half of the vessel may be perceived 
floating in Gulf Stream water, while the other half is in common 
water of the sea, so sharp is the line.” — (Maury, Physical Geography 
of the Sea.) 

Another cause of oceanic currents is to be found in the winds, 
which again are themselves examples of convective currents in the 
atmosphere. In the case of the Gulf Stream, it would appear that 
an accumulation of water is produced in the Gulf of Mexico by the 
trade-wind which blows steadily towards it over the South Atlantic. 
The elevation of level occasioned by this accumulation is probably to 
be regarded as tlie principal cause of the Gulf Stream. We shall 
discuss the origin of winds in a later chapter (Chap, xxxiv.) 
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217, Experiments of Gay-Lussac. — Gay-Lussac conducted a series of 
researches on the expansion of gases, the results of which were long 
regarded as classical He cm]>loyed a thermometer with a large 
reservoir A, containing the gas to be operated on ; an index of mer- 
cury mn separated the gas from the external air, while leaving it 
full liberty to expand. Tlie gas had ])reviously been dried by pass- 



Fig. 210.— Guj-Lussao'B Apiwuutua. 


ing it through a tube containing chloride of calcium, or some other 
desiccating substance. The thermometer was fixed in a vessel which 

D 

was first filled with melting ice, and when the gas had thus been 
brought to 0° C., the tube was so adjusted that the index coincided 
with the opening through which the thermometer passed. 

The tube being divided into parts of equal i;apacity, and the re- 
servoir having been previously g^iuged, the volume V is known which 
is occupied by*the gas at an external pressure H indicated by a baro- 
meter ; the apparatus is then raised to a given temperature T by 
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means of the furnace below the vessel, and the stem of the thermo- 
meter is moved until the index reaches the edge of the opening; at 
this new temperature the gas occupies a volume V' expressed in 
divisions of the tube: at the same time the pressure may have varied; 
suppose it to have become H'. From these data it is easy to deduce 
the expansion of unit volume of the gas from 0® to T at constant 
pressure. If D denote this expansion, the volume of the gas at T at 
the original pressure would be V (1+D). But the gas occupies a 
volume V' at the temperature T'and pressure H'. At the pressure 

H the volume would therefore be V' But the divisions of the 

thermometer have expanded in the ratio 1+KT, K being the co- 
efRcient of expansion of glass : the true expression therefore for the 

new volume of the gas at the pressure H is ; whence we 

have the equation 

V(l+D) = V'(1 + KT)h* 

from which we can find the value of D, and consequently that of the 
mean coefficient of expansion By means of this method Gay- 

Lussac arrived at the following results : — 

1st. — All gases expand by the same amount between the same 
limits of temperature. 

2d. — The coefficient of expansion is independent of the pressure. 
He also found that the coefficient of expansion of air between 0° and 
lOO'^ was *00375. 

These laws, which, together with Boyle's law, were long Regarded 
as defining the fundamental properties of the gaseous state, are not 
rigorously exact, but are subject to restrictions similar to those 
which apply to Boyle’s law. The absolute value of the co-efficient 
of expansion of air as laid down by Gay-Lussac is very sensibly 
erroneous. The true value has been determined, by subsequent ex- 
periments conducted with greater precision, to be *003665, or 

, 218. Regnault’s Experiments. — The apparatus employed by Gay- 
Lussac had one serious imperfection. The mercurial index did not 
constitute a sufficient barrier between the gas under investigation and 
the external air ; so that a portion of the gas was able to escape, while 
at the same time some of the external air became mixed with the gas; 
either of which circumstances would impair the accuracy of the ex- 
periment. It also appears that the means emJ)loyed by Gay-Lussac 
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for desiccating the gas were insufficient. However tliis may be, the 
subject of the expansion of gases has been taken up by several phy- 
•sicists, as Pouillet, Rudberg, Magnus, and Regnault, who have per- 
formed a number of experiments on tins subject, of undoubted ac- 
curacy, the result of which has been slightly to modify the conclusions 
arrived at by Gay-Lussac. 

We shall confine ourselves to describing one of the methods em- 
ployed by Regnault. 

The apparatus consists of a glass ball with a narrow neck, contain- 
ing the gas. This is placed in a boiler (Fig. 217), containing water, 

n 



Fig. 217. — BognaulVn Api)aratu». 

wliich can afterwards be raised to ebullition. A T-sbaped tube, 
with three branches, establishes communication between the neck of 
the globe and a system, consi^jting of two tubes, containing mer- 
cury, and forming in fact a mercurial manometer, and also between 
the globe and a series of desiccating tubes, not shown in the figure, 
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which are themselves in communication with a small air-pump. On 
the first branch of the manometer, near the capillary portion of the 
tube, is a reference mark. 

The following is the mode of determining by means of this ap- 
paratus the coefficient of expansion between 0° and 100° 0. The 
first step is to exhaust the globe a certain number of times, each time 
refilling it with air, or with the gas under investigation, which has 
been .dried by passing it through the desiccating tubes. The drying 
may be rendered more complete and rapid by raising the temperature 
of the globe. This series of operations is, as Regnault has shown, 
absolutely necessaiy in order to remove from the surface of the glass 
the last traces of moisture, which are exceedingly tenacious. 

The gas having been admitted for the last time, the globe is sur- 
rounded with melting ice, and is left to itself. The gas contracts, and 
a fresh portion enters the globe, having first been perfectly dried by 
passing through the desiccating tubes. The apparatus is thus filled 
with gas, and communication is established for a few seconds with the 
external air, so that the gas is at atmospheric pressure. Mercury is 
then poured into the manometer so as to bring the level of the fluid, 
which is the same in both branches, up to the reference mark. Thd 
branch of the T which established communication between the globe 
:ind the desiccating tubes is then hermetically sealed by directing 
the flame of a blowpipe upon it. • 

The effect of this operation has thus been to isolate a quantity of 
gas at the atmospheric pressure H. This quantity consists of — 

(1.) A volume V at the temperature of 0° C., V being the known 
volume of the globe. 

(2.) A volume v, which is very small, extending from the neck of 
the globe to the mark on the manometric tube. This volume v is at 
the surrounding temperature t ; if brought to zero, it would become 

^ being the coefficient of expansion of the gas. In the first 

part of the experiment, therefore, we have a quantity of gas which, 
when reduced to the temperature of zero and pressure H, yould have 
the volume ^ 

f+it’ 

The ice surrounding the globe is now removed, the boiler is filled 
with water, which is heated to ebullition; the volume and pressure 
of the gas increase, the mercury consequently falls in th? first branch 
of the manometer, and rises in the other. When equilibrium of tern- 
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perature has been established, mercury is poured into the open 
branch, so as to raise that in the other branch to the mark. Tliere 
- is then found to be a difference of level h : the external pressure may 
have changed at the same time, and become H'; the gas is conse- 
quently subjected to a pressure H' + h. Its volume consists of two 
parts : — 

(1.) The volume V (1 +KT) of the globe, K denoting the coefficient 
of expansion of the glass, and T the temperature of the boiling water 
at the moment of the experiment; this volume wlien reduced to zero 
becomes 

V (l+KT) 
l + cH? * 

(2.) The^ volume v of the tube as far as the mark, which volume at 
zero becomes p, where f! is the surrounding temperature. Thus, 

in the second part of the experiment, the given quantity of gas under 
the pressure H'+ V, would, at the temperature of zero, occupy the 
volume 

X(1 + KT) . 

1 4“ ctT 1 4" 


We have thus, by expressing that the volumes are invex'sely as 
the pressures, 

i V (14-KT) , V \ 


(IV + h) 


l4-aT 


whence 


1 4* aT = 


V (1 + KT) 


\ ^l4-aJ/H4-A 1-t-at' 


To solve this equation we have recourse to a method frequently 
employed in physics, which is called the method of successive ap- 
j)roximations ; v being a very small quantit}^ is at first supposed to 
be zero; on this supposition the value of a is easily obtained. Tliis 

value is then substituted in the correcting terms 

the real value of aT is deduced. Now T is the temperature at which 
the water bo-ils, and is always known, as we shall see hereafter, if 
the external pressure is known. 

In the experiment just described, the volume of the gas remains 
sensibly the same, and the effect of heat is shown by an increase of 
pressure. We might have proceeded differently, and caused the gas 
to expand under a constant pressure. 

We shall not stop^to describe the modified form of the apparatus 
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which is adapted to this other mode of experiment ; we shall only 
remark that the results obtained by the two processes do not exactly 
agree, as will be seen from the following table: — 


Coefficients op Expansion per Degree Centigrade. 


From experiments at 
constant volume. 


Air 0*003605 

Nitrojjen 0*003668 

Hydrogen * 0'(W3667 

Carbonic oxide 0*003667 

CWbonic acid 0*003688 

Nitrons oxide 0*003676 

Cyanogen 0*003829 

Sulphurous acid 0*003845 


From experiments at 
constant pressure. 

0*003670 

0*003661 

0*003669 

0*003710 

0*003720 

0*003877 

0*003903 


This table shows that each gas has its own coefficient of expansion, 
as we have already seen that each has its own coefficient of com- 
pressibility. Nondiquefiable gases, however, have nearly the same 
coefficient of expansion, a result which accounts for the conclusion 
arrived at by Gay-Lussac. 

As regards the differences between the two sets of numbers, it is to 
be noted that the second set alone represent expansion as directly 
observed. The first set directly measure the increase of pressure 
which occurs when expansion is prevented. If Boyle's law were rigor- 
ously true, the two sets of results ought to be identical. In point of 
fact, it will be remarked that, except in the case of hydrogen, the 
numbers in the second column are larger than those in tlie first, 
indicating that the product of volume and pressure diminishes 
slightly as the pressure increases. 

We may add that the coefficient of expansion increases very sensi- 
bly with the pressure; thus, between the pressures of one and of 
three atmospheres the coefficient of expansion of air varies from 
0*00367 to 0 00369. This increase is still more marked in the case of 
liquefiable gases. 

The coefficient of expansion per degree Fahrenheit is -f* of the 
coefficient per degree Centigrade. For air or any non-liquefiable gas 
this may be taken as 002036 or 

219. Air-thetmometer. — Wc have already stated, in connection 
with the mercurial therniometer, that the name degree (Centigrade) 
is given to the hundredth part of«tho apparent expansion of the 
niercury in the glass. ‘ As the different kinds of glass employed in 
the construction of these instruments have not the same law of 
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expansion, it follows, as we have remarked, that mercurial thermo- 
meters are not rigorously comparable with each other, particularly 
* above 100° 

* The expansion of air being much more considerable than that of 
mercury, the variations caused by diflerences in the glass will be 
relatively less ; for this reason (as well as for others which will be 
stated hereafter) the air-thermometer is employed to measure tem- 
perature in experiments of precisipn. 

Any apparatus that will measure the expansion of air may serve 
as an air-thermometer; we have only to consider T as the unknown 
quantity in the expression l-|-aT, writing for a the value of the 
coefficient of expansion given in last section. 

M. Pouillet proposed to emploj^ air in pyromctric investigations, 
and constructed an instrument to which he gave the name of air- 
pyrometer, and with which he performed some interesting exjjeri- 
inents. Pouillet’s pyrometer was very similar to Regnault s a])paratus 
described above (§ 218); but the i*eservoir and part of the tube were 
of platinum, so as to be able to resist high tem])eratures. The indica- 
tions of this instrument, however, could not be entirely relied on, 
since platinum has the property of condensing air upon its surface, 
and partially giving it out at high temperatures. At such temj)era- 
tures, also, platinum becomes quite permeable to some of the gases 
of the furnace. For pyrometric i)urposes it is btdter to inclose the 
air in a porcelain vessel, as has been done by Deville and Troost.^ 

219a. Absolute Temperature. Absolute Zero. — If the air-thermo- 
meter be made the standaixl of temperature, ecjual differences of tem- 
perature will correspond to equal diii’erences in the volume occupied 
l)y a given mass of air at constant pressure, the difference amounting 
to of the volume at 0° C. for each degree Centigrade, or to 
of the volume at 32° F. for each degree Fahrenheit. 

^ The followinjj account of a pyrometer constructed by Roj^nault, on the principle of the 
air.thermometer,'is given in Dr. B. Stewart'S treatise on heat. “ I'here in a kind of flask, 
either cylindrical or spherical, which may be either of cast or wrought iron, of pUiimim or 
of porcelain the mouth is closed by a plate confining a small aperture. From 15 to 20 
grammes of merSury are added to this flask, which is then placed in tliat part of the furnace 
the temperature of which wc desire to know. The mercury soon boils, its vapour expels 
the air by the orifice, and the excess of mercurial vapour goes oil by the same means. 
When the apparatus has acquired the temperature of the furnace the flask is withdrawn 
and made to cool rapidly, and the mercury which remains m the flask is weighed. It may 
be weighed directly, or if it contains impiirity, it is dissolved m acu^ and estnnated as a 
precipitate. Tins weight is that of the vapour of mercury which filled the flask at the 
tempLture of the furnace, and the volume of the flask, as well as the density of mercurial 
vapour being known, this temperature ifiay thus lie determined.” 
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The lowest temperature that could thus be expressed is evidently 
—273® C. or —459® F., since at this temperature the given mass of air 
would be reduced to a mathematical point. This is often called the 
absolute zero of temperature, and temperatures reckoned from it are 
called absolute temperatures. 

If C and F denote temperatures Cent, and Fahr, respectively, 
273 + C and 459 +F will be the corresponding expressions for absolute 
temperature. 

The statement of the relations between the volume, pressure and 
temperature of a given mass of air or other gas can be somewhat 
simplified by the employment of this term. These relations (assum- 
ing the correctness of Boyle’s and Gay-Lussac’s laws) are as follows : — 

1. The volume varies directly as the absolute temperature, when 
the pressure is constant. 

2. The pressure varies directly as the absolute temperature, when 
the volume is constant. 

VP 

3. For all variations, the expression rjr remains constant in value, 
V denoting volume, P pressure, and T absolute temperature. 

The subject of this section will be further discussed in Chap, 
xxxii. 

220. Density of Oases. — The volume of gases, owing to their great 
expansibility and coniju’essibility, is subject to enormous variations. 
Hence, in stating the absolute density of a gas, it is very important 
to specify the temperature and pressure at which we suppose it to be 
taken. 

In stating tlie specific gramty or ixlative density of a gas as com- 
pared with dry atmospheric air, which is always adopted as the stan- 
dard substance, it is to be understood that, the gas is at the same 
temperature and pressure as the air with which it is compared; and, 
in consequence of the inexactness of the laws of Boyle and Gay- 
Lussac, it is further necessary, foi^ purposes of accuracy, to specify 
the temperature and pressure at which the comparison is made. 
These are usually the temperature 0° C., and the pressure bf 760 milli- 
metres. The specific gravity or relative density of a gas is therefore 
defined as the ratio of the weight of any volume of the gas at the 
temperature 0“ C., and the pressure o/760 millimetres, to the weight 
of the same volume of dry air at the same temperature a^d pressure. 

This ratio being known, we can deduce from it the weight of any 
volume of the gas in question; by employing as a factor the weight 



DENSITY OF A GAS. 


295 


of unit volume of air (§ 100). Thus, for instance, the ratio of the 
density of oxygen to that of air being Id 056, and the weight of a 
litre of air at 0° C. and 760 millimetres being 1*293. gramme, we 
conclude that the weight of a litre of oxygen at this temperature and 
pressure is 1*293 X 1*1056=1*429 gramme. 

221. Measurement of the Density of a Gas.— The densities of gases 
have been the subject of numerous investigations; we shall here 
mention only the ingenious and exact method employed by Regnault. 
The gas is inclosed in a globe, of about 1 2 litres’ capacity, and fur- 
nished with a stop-cock. This communicates with a three- Wiay tube, 
furnished with stop-cocks a and h (Fig. 218), and through it with an 
air-pump on one side, and a manometer on the other. The globe is 
exhausted several times, and each time the gas is di'ied on its way to 
the globe by passing through a number of tubes containing pieces of 
pumice-stone moistened with siilpliuric acid. When all moisture is 
supposed to be removed, the globe is surrounded with melting ice. 




Fig 219. — CompciiHatiijg Glolni. 


and is allowed to fill witli gas at the pressure of the atmosphere. 
When equilibrium of temperature has been established, the gh)be is 
taken out, tavefully dried, and suspended from one of the scales of a 
balance. From the other scale is suspended a globe of the su'me 
glass, and of the same externid volume (Fig. 219). The equality of 
the volumes is tested by weighing each in water, and noting the 
upward pressure of the liquid in^each case. Weights are now iulded 
until equilibrium is established; and it can be proved that this equili- 
brium wUl be rigorcAisly maintained, whatever be the variations of 



296 


EXPANSION OF GASES. 


external pressure and temperature, because these variations . will 
produce the same effect upon both globes. It is this introduction of 
a compensating glohe which gives Eegnault's method its great pre-* 
cision for since all external causes that could disturb equilibrium 
are balanced, the observed differences in weight can result only from 
variations in the gas inside. 

The globe is then again surrounded with ice, communication with 
the air-pump and the manon^eter is established, and a partial vacuum 
is produced as far as a certain limit h. On the globe being again 
suspended from the scale, the equilibrium of the balance is disturbed, 
and the weight w, necessary to re-establish it, is evidently equal to 
the weight of a volume of dry gas at 0°, and at the pressure H— 

H being the external pressure. Hence it follows that the weight of 
dry gas which would completely fill the globe at the temperature of 
0°, and at the pressure of 700 millimetres, is 


The same experiment, when performed with air, would give as the 
weight of the same volume of this gas under the same conditions 

, 700 
w' ' 

ir-//" 

The relative density of the given gas is therefore 

w -•-?// ^ ~ 

H-A’ II' -A' a;"'H-A' 

222. Weight of a Litre of Air. — The preceding experiments give 
the weight of dry air which tills a given globe at 0°, and at a pressure 
of 760 millimetres. In order to know the weight of a litre of air, 
we have only to observe the weight of water which fills the same 
globe at a given temperature. Let m be the difterence of weight of 
the globe when filled with water and with dry air; then the weight 
of the water contained in the globe is evidently r/i plus the weight 
of the dry air, which is previously known, and which ^ve shall denote 
by a. Let x be the volume of the globe, and e the expansion of the 
water from 4° 0. to the temperature of weighing. Then, if the gramme 
and cubic centimetre be the units of weight and volume, we have the 
equation 

1 + C 4 

^ The same device had previously been employed by Dr. Proyt iti determining the weight 
of air. 



WEIGHT OF AIR. 


297 


which gives the volume of the globe at a known temperature, whence 
the volume at zero may be deduced. 

• Various minute precautions are necessary in order to fill the globe 
with water completely free from air, and in order to insure that the 
temperature shall be the same throughout the whole of the consider- 
able volume employed in the experiment. The first condition is 
especially difficult to fulfil; in order to attain it, Regnault fii'st 
expelled the air from the globe by introducing a small quantity of 
water, and then exhausting the globe, the process being aided by a 
slight elevation of temperature; on the other hand, water, from which 
the air had been expelled by boiling, was forced by the pressure of 
steam into a tube leading to the stop-cock of the exhausted globe, 
so as to be nowhere exposed to the atmospliere. The difficulties of 
this process were skilfully overcome by Regnault, and he finally 
amved at the following result. 

In Parfe, at a height of 60 metres above the level of the sea, a litre 
of dry air, at the temperature of 0” C., and a pressure of 760 milli- 
metres, weighs 1‘2932 gramme. A pressure of 760 millimetres *of 
mercury has not the same eftective value at difieient parts of the 
globe, on account of the variations in the intensity of gravity, whence 
it follows that the weight of the litre of air, defined by the preceding 
conditions, varies proportionally to the value of r/. (See note to 1 00.) 

The following table gives the densities of several gases at 0'^ C., and 
under the pressure of 760 millimetres at Paris: — 


Name of Gas. 


Air 

Oxy^^en 

Hydrogen 

Nitrogen 

Chlorine 

Carbonic oxide. 
Carbonic acid .. 


Protoxide of nitrogen . 
Binoxide of nitrogen... 

Sulphurous acid 

Cyanogen 

Marsh- gas 

Olefiant gas 

Ammonia 


ndjitivo ])uu»ity. 

1 

’0Gy‘2(> 

'^7137 

2-4210 

•D.OOl) 

, 1-52001 

1 -5260 

1- 0388 

2- 1930 
1-8004 

•559 

-985 

•5907 


Abrtoluto 

ii) grumiiiori ]icr litre 

1-2932 
1-429S 
•08957 
1-25015 
3-1328 
1-2344 
1-9774 
1 -0007 

1- 3434 

2- 7289 
2-3302 

■727 
1-274 
•7097 


223. Drau«];ht of Chimneys.-rThe expansion of air by heat pro- 
duces the upward current in chiuineys, and &n approximate expres- 
sion for the velocity of this current may he obtained by the applica- 
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tion of Torricelli's tlieorera on tlie efflux of fluids from orifices (Chap, 
xviii.). 

Suppose the chimney to be cylindrical and of height h. Let the 
air within it be at the uniform temperature t' Centigrade, and the 
external air at tlie uniform temperature t. According to .Torricelli's 
theorem, the square of the linear velocity of efflux is equal to the 
product of 2/7 into the head of fluid, the term head of fluid being 
employed to denote the pressure producing efflux, expressed in terms 
of depth of the fluid. 

In the present case this head is the difference between h, which is 
tlie height of air witliin the chimney, and the height which a column 
of the external air of original height h would have if expanded 
u[)wards, by raising its temperature from t to i\ This latter height 

is h ; a denoting the coefficient of expansion 00360; and the 
head is 

\+a.t 1 + 

Hfence, denoting hy v the velocity of the current up the chimney, we 
have 

{tf - 1) 

1 + ’ 

This investigation, tliough it gives a result in excess of the truth, 
from neglecting to take account of friction and eddies, is sufficient to 
explain the principal circumstances on which the strength of draught 



Fig. 220.— Rumford’B Firo-ploca, 


depends. It sh^j^ws that the draugliit increases with tlje height h of 
the chimney, and also with the difference — < between the internal 
and external temperatures. 


DRAUGHT OF CHIMNEYS. 


2<)9 


The draught is not so good when a fire is first lighted as after it 
has been burning for some tim^, because a cold chimney chills the 
ait within it. On the other hand, if the fire is so regulated as to 
keep the room at the same temperature in all weatliers, the draught 
will be strongest when the weather is coldest. 

The opening at the lower end of the chimney should not be too 
wide nor too high above the fire, as the air from the room would then 
enter it in large quantity, without^ being fii*.st waimied by passing 
through the fire. These defects prevailed to a great extent in old 
chimneys. Rurnford was the first to attcm])t lational improvements. 
He reduced the opening of tlic chimney and the depth of the fire- 
place, and added polished 
plates inclined at an angle, 
which serve both to guide 
the air to the fire and to re- 
flect heat into the room (Fig. 

220 ). 

The blower (Fig. 221) pro- 
duces its well-known effects 
by compelling all air to pass 
through the fire before enter- 
ing the chimney. This at 
once improves the draught of i.ig. j^iji.-Fire-piaco with niowm-. 

the chimney by raising the 

temperature of the air within it, and quickens 'combustion by in- 
creasing the supply of oxygen to the fuel. 

224. Stoves, — The heating of rooms by open fire-[)lacc8 is eflected 
almost entirely by radiation, and much even ol the radiant heat is 
wasted. This mode of heating then, tliough agreeable and healthful, 
is far from economical. Stoves have a great advantage in point of 
economy, for the heat absorbed by their sides is in great measure 
given out to the room, whereas in an ordinary fi,re-])laco the greater 
part of this heat is lost. Open fire-places have, however, the advan- 
tage as regards ventilation; the large opening at the foot of the 
chimney, to which the air of the room has fre^ access, causes a large 
body of air from the room to ascend the chimneiy, its place being 
supplied by fresh air entering through the chinks of the doors and 
windows, or an^ other openings ’vyhich may exist. 

Stoves are also liable to the objection of making the air of the room 
too dry, not, of course’ by removing water, but by raising the tern- 
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perature of the air too much above the dew-point (Chap, xxviii.). The 
same thing occurs with open fire-places in frosty weather, at which 
time the dew-point is unusually low. This evil can be remedied by 
])lacing a vessel of water on the stove. The reason why it is more 
liable to occur with stoves than with open fire-places, is mainly that 
the former raise the air in the room to a Jiigher temperature than 
the latter, the defect of air-temperature being in the latter case com- 
pensated by the intensity of the direct radiation from the glowing 
fuel. 

Fire-clay, from its low conducting power, is veiy serviceable both 
for the backs of fire-places and for the lining of stoves. In the former 

situation it prevents the wasteful 
escape of heat backwards into the 
chimney, and keeps the back of the 
fire nearly as hot as. the centre. As 
a lining to stoves, it impedes the 
lateral escape of heat, thus answer- 
ing the double purpose of prevent- 
ing the sides of the stove from over- 
heating, and at the same time of 
keeping up the temperature of the 
fire, and thereby promoting com- 
plete combustion. Its use must, 
however, be confined to that por- 
tion of the stove which serves as 
the fire-box, as it would otherwise 
prevent the heat from' being given 
out to the apartment. 

The stove represented in Fig. 222^ 
belongs to the class of what are 
called in France calorifhreSy and in 
England ventilating stoves, being 
constructed with a view to promot- 
ing the circulation and renewal of 
the air of .the apartment. G is the fire-box, over which is the feeder 
U, containing unburned fuel, and tightly closed at top by a lid, which 
is removed only when 'fresh fuel is to be introduced. The ash-pan 
F has a door pierced with holes admitting air to support com- 

* With the exceptiott of the ventilating: arrangement, this §tove is identical with what is 
known in this country as Walker’s self- feeding |tove. 





Fig. 222.— Ventilating Stove. 
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buation. The flame and smoke issue at the edge of the,fire-box, and 
after circulating round the chamber 0 which surrounds tlie feeder, 
enter the pipe T which leads to the chimney. The chamber 0 is 
surrounded by another inclosure L, through which fresh air passes, 
entering below at A, and escaping into the room through perforations 
in the upper part of the stove as indicated by the arrows. The 
amount of fresh air thus admitted can be regulated by the throttle- 
valve P. 
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226. Pusion. — Many solid bodies, when raised to a sufficiently high 
temperature, become liquid. This change of state is called melting 
or f usion, and the temperature at which it occurs (called the melting- 
point, or temperature of fusion) is constant for each substance, with 
the exception of the variations — which in ordinary circumstances are 
insignificant — due to difierences of pressure (§ 237). The melting- 
points of several substances are given in the following table: — 

Taule of Meltino- Points, in Degrees Centigrade. 


Mercury, . . . . . 

.... -30 

Ice, 

.... 0 

Butter, 

.... 33 

Lard, 

.... 33 

Spermaceti, 

.... 40 

Stearine, 

.... 55 

Yellow Wax, .... 

.... 62 

White Wax, .... 

.... 68 

Stearic Acid, .... 

.... 70 

Phosphoruji, .... 

.... 44 

Potassium, 

.... 63 

Sodium, 

.... 05 

Iodine 

.... 107 

Suljihur, 

110 


Tin, 

...... 230 

P»israuth, , . . 

562 

Load, .... 

320 

Zinc, ..... 

360 

Antimony, . . . 

432 

Bronze, .... 

900 

Pure Silver, . . 

1000 

Copper, .... 

1150 

Coined Cold, , , 

1380 

Pure Cold, . . . 

1250 

Cast Iron, ., . 

. . 1050 to 1250 

Steel, .... 

. . 1300 to 1400 

Wrought Iron, 

. . 1500 to 1600 

Platinum, . . . 

2000 


Some bodies, such as charcoal, have hitherto resisted all attempts 
to reduce them to the liquid state; but this is to be Uttributed only 
to the insufficiency of the means which we are able to employ. 

It is probable that, by proper variations of temperature and pres- 
sure, all simple substances, and all compound substances which would 
not be decomposed, could be com^ielled to assume ^he three forms, 
solid, liquid, and gaseous. 

The passage from the solid to thq. liquid state is generally abrupt; 
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but this is not always the case. Glass, for instance, before reaching 
a state of perfect liquefaction, passes through a series of intermediate 
stages in which it is of a viscous consistency, and can be easily drawn 
put into exceedingly fine threads, or moulded into different shapes. 

226. Constant Temperature during Fusion.— During the entire time 
of fusion the temperature remains constant. Thus if a vessel con- 
taining ice be placed on the fire, the ice will melt more quickly as 
the fire is hotter; but if the mixture of ice and water be constantly 
stirred, a thermometer placed in it will indicate the temperature 
zero without variation so long as any ice re- 
mains unmelted; it is only after all the ice 
has become liquid that a rise of temperature 
will be observed. 

In the same way, if sulphur be heated in a 
glass vessel, the temperature indicated by a 
thermometer placed in the vessel will rise grad- 
ually until it reaches about 110°, when a j)or- 
tion of the sulphur will bo seen to become 
liquid, and if the vessel be shaken during the 
time of fusion, until the wlmle of the sulphur 
is liquefied, the temperature will be observed 
to remain steadily at this point. 

227; Latent Heat of Pusion. — This con- 22 ,. 
stancy of temperature is very remarkable, 

and leads to some important conclusions. In fact, as the action 
of the fire continues the same throughout the entire time of fusion, 
while the thermometer remains stationary, all the heat sui>plied 
after liquefaction has begun, appears to be lost. Hence we con- 
clude, that in order that a body may pass from the solid to the 
liquid state, it must absorb a certain quantity of heat which produces 
no thermometric effect. Black, who was the first to investigate this 
subject, gave to the heat thus absorbed the name of latent heaty by 
which it is still usually designated. A similar absorption of heat 
without thefmometric effect occurs when a boiling liquid is converted 
into vapour. Hence it is necessary to distinguish between the latent 
heat of fusion and the latent heat of vaporization} Latent lieat 
then may be defined as the heat absorbed in virtue of change of 

* The former is Oifen called the latent heat of the liquid, ^nd the latter of the vapour. 
Thus we speak of the latent heat of .water (which becomes latent in the melting of ice), 
and of the latent heat of steam (which bec^omes latent in the vaporization of water). 
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state from solid to liquid, or from liquid to gaseous. Modern pliilo- 
sophy teaches that the processes of fusion and vaporization involve 
the performance of work by heat in opposition to molecular force, and 
that an amount of heat disappears (or becomes latent) which is the 
exact equivalent of the work performed. 

228. Heat of Fusion of Ice. — ^The latent heat of fusion is different 
for different substances. Its amount for ice (commonly called the 
latent heat of water) can be approximately determined by the follow- 
ing experiment, which is due to Black, who was the first to make 
accurate observations on this subject. 

Take a pound of ice at 0° C. and a pound of water at 79'' C. ; let 
the water be poured over the ice, and the mixkire rapidly stirred. 
The ice will melt, and two pounds of water at 0° will be obtained. 
This interesting experiment shows that all the heat necessary to raise 
a pound of water from O'" to 79° has been absorbed in melting a pound 
of ice; and it is thus directly proved that the heat required to melt a 
pound of ice is exactly the same as that required to raise the tem- 
perature of a pound of water from 0° to 79°. 

The name unit of Imit is given to the amount of heat necessary 
to raise unit mass of water one degi'ce. It will be different according 
to the unit of mass and scale of temperature adopted. The pound- 
centigrade unit is the heat required to raise a pound of water through 
one degree Centigrade, and we see from above that 79 of these units 
are required for the melting of a pound of ice.^ 

On comparing the heat of fusion of ice with that of some other 
bodies as given in the table § 348, it will be seen that its amount is 
notably greater for ice than for any of the other substances. Ice is 
in this sense tlie most difficult to melt, and water the most difficult 
to freeze of all substances, a foct which is of immense importance in 
the economy of nature, as tending to retard the processes both of 
freezing and tliawing. Even as it is, the effects of a sudden thaw are 
often very disastrous, and yet, for every pound of ice melted, as much 
heat is reejuired as would raise the water produced through 79° C. 
or 142° F. 

229, Solution. — The reduction of a body from the solid to the liquid 
state may be effected by other means than by the direct action of 
heat; it may be produced by the action of a liquid. This is what 

occurs when, for instance, a grain of salt or of sugar is placed in 

^ € 

^ The statements in this paragraph, including the definition of a unit of heat, are only 
approximate. The subject will be resumed in Chap. xxxi. 
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water; the body is said to melt or dissolve in the water. Solution, 
like fusion, is accompanied by the disappearance of heat consequent 
on the change from the solid to the liquid state. For example, when 
nitrate of ammonia is rapidly dissolved in water, a fall of from 20' 
to 25'' Cent, is observed. 

Unlike fusion, it is attached to no definite temperature, but occurs 
with more or less freedom over a wide range. Rise of temperature 
usually favours it; but there are some strongly marked exceptions. 

230. Freezing Mixtures. — The absorption of heat which accom- 
panies the liquefaction of solids is the basis of the action of freezing 
mixtures. In all such mixtures there is at least one solid ingredient 
which, by the action of the rest, is reduced to the licpiid state, thus 
occasioning a fall of temperature proportional to the latent heat of 
its liquefaction. 

The mixture most commonly employed in the laboratory is one of 
snow and salt, in the proportion of two parts of the former to one of 
the latter. This mixture assumes a temperature of about —18" C. (0°F.), 
and furnished Fahrenheit with the zero of his scale. In this instance 
there is a double absorption of heat caused by the simultaneous melt- 
ing of the snow and dissolving of thp salt. 

We may obtain a freezing mixture without the use of snow or ice. 
Such mixtui'es are often employed for the artificial freezing of water. 
Various kinds of apparatus have been invented lor this purpose, one 
of which is shown in Fig. 224. It consists of a met^d cylinder, con- 



Fig. 224 .— Freessiiig Rocker. 


taining the freezing mi...i.ij*e (hydrochloric acid and sulphate of soda). 
In the cylinder is placed a mould formed of two concentric vessels 
with the water between them, ap arrangement which has the advan- 
tage of increasing the surface of contact. The whole is set upon a 
cradle, the rocking of which greatly assists the operatiem. We sub- 
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join a table of the most important freezing mixtures, with the pro- 
portions corresponding to the maximum effect. These proportions 
are evidently of imjjortance, since the amount of heat absorbed in a 
given time depends upon the quantity of solid matter that is reduced ^ 
to the liquid state during that time. There may also be chemical 
action between the materials of which the mixture is complosed. This 
is always attended with generation of heat, so that in this case the 
actual result depends upon the difference of two opposite effects. 
Thus the mixture of four parts of sulplmric acid with one of ice 
causes a rise of temperature of about 50° or 60°, while four parts of 
ice and one of sulphuric acid produce a cold of from — 15° to —20° C. 

TABLE. 

Snow or Powdorod let;, . . . 

Bay-salt, 

Snow, 

Crystallizod Chloride of Calcium, 

Nitrate of Ammonia, . . , . 

Water, 

Sal-dmmoniao, 

Nitrate of Potash, .... 

Sulphate of Soda, 

Water, 

Sulphate of Soda, 

Hydrochloric Acid, .... 


Proportions Fall of Tomporature 
by Weight. in Centigrade degrees. 

• ^ I from 0® to - 21^ 

from 0° to - 48®. 

J I from -f*10® to -15®. 

from + 10® to - 15®. 

^ I from -flO® to -17“. 



231. Solidification or Congelation. — Congelation is the inverse of 
fusion; that is to say, it is the passage of a substance from the liquid 
to the solid state. The faculty of undergoing this transformation 
may be regarded as common to all liquids, although some, for example, 
alcohol and bisulphide of carbon, have never yet been solidified. 

The temperature of fusion is the highest temperature at which 
congelation can occur, and is frequently called the temperature of 
congelation (or the freezing-point) ; but it is possible to preserve 
substances in the liquid state at lower temperatures. Liquids thus 
cooled below their so-called freezing-points have, however, if we may 
so say, a tendency to freeze, which is only kept in check bif the diffi- 
culty of making a commencement If freezing once begins, or if 
ever so small a piece of the same substance in the frozen state be 
allowed to come in contact with th^ liquid, congelation will quickly 
extend until there is ilone of the liquid left at a temperature below 
that of fusion. The condition of a li^quid cooled below its freezing- 
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point has been aptly compared to that of a row of bricks set on end 
in such a manner that if the fii^t be overturned, it will cause all the 
rest to fall, each one overturning its successor. 

The contact of its own solid infallibly produces congelation in a 
liquid in this condition, and the same effect may often be produced 
by the contact of some other solid, especially of a crystal, or by giving 
a slight jar to the containing vessel. 

Despretz has cooled water to —20° C. in fine capillary tubes, with- 
out freezing, and Dufour has obtained a similar result by suspending 
globules of water in a liquid qf the same specific gravity with which 
it would not mix. 

232. Heat set free in Congelation. — At the moment when (‘ongela- 
tion takes place, the thermometer immediately rises to the tempera- 
ture (5f the melting-point. This may be easily shown by experiment 
A small glass vessel is taken, containing water, in which a mercurial 
thermometer is plunged. By means of a frigorific mixture the tem- 
perature is easily lowered to —10° or —12°, without the water freez- 
ing; a slight shock is then given to the glass, congelation takes place, 
and the mercury rises to 0° 

The heat thus produced is the equivalent of the work done by tbe 
molecular forces of the body in the passage from the liquid to the 
solid state. . The quantity of heat thus arising is evidently the same 
as that which disappears in fusion, since they are the equivalents of 
the same amount of work performed in opposite dircction.s. The 
production of this heat maybe experimentally shown in another way. 
If we heat a quantity of lead to its rnelting-j)oirit (320°), and when 
the metal is just beginning to melt, plunge it into water, a certain 
rise of temperature will be observed. If wo repeat the same experi- 
ment, allowing the lead time to melt completely, the temperature 
being still 320°, a much more considerable increase in the temperature 
of the water will be produced, the reason being that the lead in 
solidifying in contact with the water gives out its latent heat. 

233. Crystallization.— When the passage from the liquid t0 the 
solid state Is gradual one, it frequently happens that the molecules 
group themselves in such a manner as to present regular geometric 
forms. This process is called crystallization, and the regular bodies 
thus formed are called crystals. The particular crystalline form 
assumed depends upon the substance, and often affords a means of 
recognizing it The forms, therefore, in wliich bodies crystallize 
are among their most import|int characteristics, and are to some 



308 


FUSION AND SOLIDIFICATION. 


extent analogous to the shapes of animals and plants in the organic 
world. 

In order to make a body crystallize in solidifying, the following 
method is employed. Suppose the given body to be bismuth ; the 
first step is to melt it, and then leave it to itself for a time. The 
metal naturally begins to solidify first at the surface and at the sides, 
where it is most directly exposed to cooling influences from without ; 
accordingly, when the outer lay^r of the metal is solidified, the in- 
terior is still in the liquid state. If the upper crust be now removed, 
and the liquid bismuth poured off, the sides of the vessel will be seen 
to be covered with a number of beautiful crystals. 

If the metal were allowed to stand too long, the entire mass would 
become solid, the difierent crystals would unite, and no regularity of 
structure would be observable. This is the case with a great number 
of solids ; ice is one very remarkable instance. 

234. Flowers of Ice. — The tendency of ice to assume a crystalline 
form is seen in the fern-loaf patterns which appear on the windows 
in winter, caused by the congealing of moisture on them, and still 
more distinctly in the symmetrical forms of snow-flakes (see Chap, 
xxviii.) In a block of ice, however, this crystalline structure does 
not show itself, owing to the closeness with which the crystals fit into 
each otlier, so that a mass of this substance appears almost conipletely 
amorphous, Tyndall, however, in a very interesting experiment, 
has succeeded in gradually decry stallizing ice, if we may use the 



Fig. 225. — Flowers of Ice projected on a Screen. 


expression, and thus exhibiting the crystalline elements of which it 
is composed. The experiment consists in causing a pencil of solar 
rays to fall perpendicular to thfe surfaces of congelation on a sheet of 
ice, such as is naturally formed upon the surface of water in winter. 
A lens placed behind the ice (Fig. 225^ serves to‘ project upon a screen 
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the image of what is found in the interior of the block. The succes- 
sive appearances observed upon the screen are shown in Fig. 22G. 
A small luminous circle is first seen, from which branch out rays, 
resembling the petals of a flower whose pistil is the circle. Frequent 
changes also occur 
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can hold in solution varies according to the temperature ; as a general 
rule, though not by any means in all cases, it increases as the tem- 
perature rises. Hence it follows, that if a saturated solution be left 
to itself, the effect of evaporation or cooling will be gradually to dim- , 
inish the quantity of matter which can be held in solution. A portion 
of the dissolved substance will accordingly pass into the solid state, 
assuming generally a crystalline form. This is an exceedingly com- 
mon method of obtaining crystals, and is known as the humid way. 

Ill connection with this process a phenomenon occurs which is 
pi ecisely analogous to the cooling of a liquid below its freezing-point. 
It may be exemplified by the following experiment. 

A tube drawn out at one end (Fig. 227) is filled with a warm con- 
centrated solution of sulphate of soda. The solution is boiled, and 

while ebullition is 
proceeding freely, the 
tube is hermetically 
sealed ; by this means 
the tube is exhausted 
of air. The solution 
when left to itself 
cools without the sob 
id being precipitated, 
although the liquid is 
sujyci 'saturated. But 
if the end of the tube 
be broken off, and the 
air allowed to enter, 
crystallization imme- 
diately commences at 
the surface, and is 
quickly propagated 
through the whole 
length of the tube; 
at the same time, as we should expect, a considerable fise of tem- 
perature is observed. If the phenomenon does not at once occur 
on the admission of the air, it can be produced with certainty by 
throwing a small piece of the solid sulphate into the solution. 

286. Change of Volume at the Moment of Congelation. Expansive 
Force of Ice, — In passing from the liquid to the 8oli& state, bodies 
generally undergo a diminution of ^volume ; ‘there are, however, 



Fig. 227.—Preparation of Swjiersaturated Solution of 
Sul 2 )hate of Soda. 
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exceptions, such as ice, bismuth, silver, and cast-iron. It is this pro- 
perty which renders this latter substance so well adapted for the 
purposes of moulding, as it enables the metal to penetrate completely 
.into every part of the mould. The expansion of ice is considerable, 
amounting to about ; its production is attended by enormous 
mechanical force, just as in the analogous case of expansion by heat. 

Its effect in bursting water-pipes is well known. The following 
experiment illustrates this expansive force. A tube of forged iron 
(Fig. 228) is filled with water, and tightly closed a screw-stopper. 



Fig. 228. — Bursting of Iron Tube by Ex])an8ion of Water in Freezing. 


The tube is then surrounded with ti freezing mixture of snow and 
salt. After some time the water congeals, a loud re])ort is often 
heard, and the tube is found to be rent. 

The following experiment, performed by Major Williams at Quebec, 
is still more striking. Ho filled a 1 2-inch shell with Avater and closed 



Fig. 2 - 9 .— Experiment ol Major Williams. 


it with a wueden stopper, driven in with a 

then exposed to the air, the temperature being -28 O. (-1^ r.j 
The water froze, and the bung was projected to a distance of more 
than 100 yards, while a cylinder of ice of about 8 mebes m engb. 
was protruded from the hole. In another experiment the shell split 
in halves, and* a sheet of ice issued from the rent (h ig. 2- J). 

It is the expansio5 and consequent lightness of iCe which enables 
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it to float upon the surface of water, and thus afford a protection to 
animal life below. 

237. Effect of Pressure on the Melting-point.— Professor James 
Thomson was led by theoretical considerations to the conclusion that, 
in the case of a substance which, like water, expands in solidifying, 
the freezing (or melting) point must of necessity be lowered by pres- 
sure, and that a mixture of ice and ice-cold water would fall in 
temperature on tlae application of pressure. His reasoning^ consisted 
in showing that it would otherwise be possible (theoretically at least) 
to construct a machine which should be a perpetual source of work 
without supply; that is, what is commonly called a perpetual suction 

The matter was shortly afterwards put to the test of experiment 
by Professor (now Sir) W. Thomson, who compressed, in an QErsted’s 
piezometer, a mixture of ice and water, in which was inserted a very 
delicate thermometer protected from pressure in the same manner 
as the instrument represented in Fig. 19 tc (§ 1 89). The thermometer 
showed a regular fall of temperature as pressure was ay)plied, followed 
by a return to 0° 0. on removing the pressure. Pressures of 8*1 and 
16*8 atmospheres (in excess of atmospheric pressure) lowered the 
freezing-point by *106 and *232 of 'a degree Fahr. respectively as in- 
dicated by the thermometer, results which agree almost exactly with 
Prof. J. Thomson s prediction of *0075 of a degree Cent., or *0 1 35 of 
a degree Fahr. per atmosphere. 

Mousson has since succeeded in reducing the melting-point several 
degrees by means of enormous pressure. He employed two forms of 
apparatus, by the first of which he melted ice at the temperature 
of G., and kept the water thus produced for a 
considerable time at this temperature. This apparatus 
had windows (consisting of blocks of glass) in its sides, 
through which the melting of the ice was seen. His 
second form of apparatus, which bore a general resem- 
blance to, the first, is represented in the annexed figure. 
It consisted of a steel prism with a cylindrical bore, 
having one of its extremities closed by* a conical 
stopper strongly screwed in, the rest of the bore being 
traversed by a screw-piston of steel The apparatus 
was inverted, and nearly filled with water recently boiled, into which 
a piece of copper was dropped, to serve as an index. The apparatus, 

^ Transactions Royal Society^ Edinburgh. January, 1849 . — Cambridge and Dublin 
Math, Journal. November, 1850. 



Fig. 230. 
Mousson’s 
Apparatus. 
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still remaining in the inverted position, was surrounded by a freezing 
mixture, by means of which the water was reduced to ice at the tem- 
perature of —IS*" C. , The stopper was then screwed into its place, 
and the apparatus placed in the erect position. The piston was then 
screwed down upon the ice with great force, the pressure exerted 
being estimated in some of the experiments at several thousand 
atmospheres. The pressure was then relaxed, and, on removing the 
stopper, the copper index was found to have fallen to the bottom of 
the bore, showing that the ice had 'been liquefied. 

Experiments conducted by Bunsen and Hopkins have shown that 
wax, spermaceti, sulphur, steai'in, and paraffin — substances which, 
unlike ice, expand in melting — have their melting points raised bj^ 
pressure, a result which had been predicted by Professor W. 
Thomson. 

237 a. Effect of Stress in general upon Melting and Solution. — 

In the experiments above described, the }>ress\ire iq^plied was hydro- 
statical, and was therefore equal in all directions. But a solid may be 
exposed to pressure in one direction only, or to pull in one or more 
directions, or it may be subjected to shearing, twisting, or bending 
forces, all these being included under the general name of stress, 

Keasoning, based on the general laws of energy, leads to the con- 
clusion that stress of any kind other than hydrostatic, a])plied to a 
solid, must lower its melting-point. To quote Professor J. Thomson 
(Proc.Iloy,Soc, Dec. 1801), '‘Any stresses whatever, tending to change 
the form of a piece of ice in icc-cold water, must im])art to the ice a 
tendency to melt away, and to give out its cold, which will tend to 
generate, from the surrounding water, an equivalent (quantity of ice 
free from the applied stresses,'" and “stresses tending to change the 
form of any crystals in the saturated solutions from which they have 
been crystallized must give them a tendency to dissolve away, and to 
generate, in substitution for themselves, other crystals free fVom the 
applied stresses or any equivalent stresses.”^ This conclusion he ver- 
ified by experiments on crystals of common salt. He at the same 
time suggested, as an important subject for investigation, the effect 

^ Professor Thomson draws these inferences from the following principle, which he 
assumes (we think justly) as a physical axiom:— If any substance or system of substances 
be in a condition in which it is free to change its state [as ice, for example, in contact 
with water at 0® C., is free to melt], and if mechanical work he applied to it as potential 
energy in such a A^ay that the occurrence of the change of state will make it lose that 
mechanical work from the condition of potential energy, without receiving other potential 
energy as an equivalent; iHm the substafce or system will pass into the changed state. 
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of hydrostatic pressure on the crystallization of solutions, a subject 
which was afterwards taken up experiment?illy by Sorby, who 
obtained effects analogous to those above indicated as occurring ii> 
connection with the melting of ice and wax. 

238. Eegelation of Ice. — Faraday in 1850 called attention to the 
fact that pieces of moist ice placed in contact with one another will 
freeze together even in a warm atmosphere. This phenomenon, to 
which Tyndall has given the name of regelation, admits of ready ex- 
planation by the principles just enunciated. Capillary action at the 
boundaries of the film of water which connects the pieces placed in con- 
tact, produces an effect equivalent to attraction between them, just as 
two plates of clean glass with a film of water between them seem to 
adhere. Ice being wetted by water, the boundary of the connecting 
film is concave, and this concavity implies a diminution of pressure 
in the interior. Tlie film, therefore, exerts upon the ice a pressure 
less than atmosplieric ; and as the I'emote sides of the blocks are ex- 
posed to atmospheric pressure, there is a resultant force urging them 
together and producing stress at the small surface of contact. Melt- 
ing of the ice therefore occurs at the places of contact, and the cold 
thus evolved freezes the adjacent portions of the water film, which, 
being at less than atmospheric pressure, will begin to freeze at a 
temperature a little above the ordinary freezing-point. 

As regards tlie amount of the force urging the pieces together, if two 
flat pieces of ice be supported with their faces vertical, and if they 
be united by a film from whose lower edge water trickles away, 
the hydi’ostatic pressure at any point within this film is less than 
atmospheric by an amount represented, in weight of water, by the 
height of this point above the part from which water trickles. 
If, for simplicity, we suppose the film circular, the plates will be 
pressed together with a foi'ce equal to the weight of a cylinder of 
water whose base is the film and whose height is the radiua 

239. Apparent Plasticity of Ice. Motion of Glaciers. — A glacier 
may be described in general terms as a mass of ice deriving its 
origin from mountain snows, and extending from the snow-fields 
along channels in the mountain sides to the valleys beneath. 

The first accurate observations on the movements of glaciers were 
made in 18452, by the late Professor (afterwards Principal) J. D. 
Forbes, who established the fact that glaciers descend along their 
beds with a motion resepfibling that of a pailful of iportar poured 
into a sloping trough ; the surface mpving faster than the bottom 
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and the centre faster than the sides. He summed up his view by 
saying, ‘‘ A glacier is an imperfect fluid, or a viscous body which is 
urged down slopes of a certain inclination by the mutual pressure of 
, its parts/’ 

This apparent viscosity is explained by the principles of § 2S7a. 
According to .these principles the ice should melt away at the places 
where stress is most severe, an equivalent quantity of ice being 
formed elsewhere. The ice would thus gradually 3 dcld to the ap- 
plied forces, and might be moulded into new foi^ms, without undergoing 
rupture. Breaches of continuitj" might be pi’oduccd in ])laces where 
the stress consisted mainly of a pull, for the pull would lower the 
freezing-point, and thus indirectly as welt as directly tend to produce 
ruptures, in the form of fissures transverse to the direction of most 
intense pull. The effect of violent compression in anj^ direction would, 
on the other hand, be, not to crack the ice, but to melt a j^ortion of 
its interior sufficient to relieve the ])ressur(‘ in the ]>articuhir j)art 
affected, and to transfer the excess of material to neighbouring parts, 
which must in their turn give way in the same gradual manner. 

In connection with this explanation it is to be obsei'ved that the 
temperature of a glacier is aIwa 3 ^s about (T'C., and that its structure 
is eminently porous and permeated with ice-cold water. These are 
conditions eminently favourable (the former, but not the latter, being 
essential) to the. production of changes of form depending on the 
lowering of the melting-point by stresses. 

This explanation is due to Professor J. Thomson^ {Brithh A^^socia- 
iion Report, 1857). Professor Tjnidall had j)rcviousl 3 ^ attempted to 
account for the phenomena of glacier motion by supposing that the 
ice is fractured by tlie forces to which it is subjected, and that the 
broken pieces, after being pushed into their new po.sitions, are united 
by regelation. In support of this view he performed several very 
interesting and novel ex})criinents on the moulding of ice by pres- 
sure, such as striking medals of ice with a die, and producing a clear 
transparent cake of ice by powerfully compressing broken pieces in 
a boxwood* m4)uld (Fig. 231). 

Interesting experiments on the plasticity of ice may be performed 
by filling an iron shell with water and placing it in a freezing mix- 

^ If it should be objected that the lowering of the melting-point by stress is too insignifi- 
cant to produce the vast effects here attributed to it, the answer is that, when ice and 
water are present ^gether, the slightest dflTerence is sufhciejit to determine which portion 
of the water Bhn.!! freeze, eg" which portion of the ice shall melt. In default of a more 
powerful cause, those portions of ice wliifh are most stressed will melt first. 
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ture, leaving the aperture open. As the water freezes, a cylinder 
of ice will be gradually protruded. • This experiment is due to Mr. 
Christie. Professor Forbes obtained a similar result by using a very 



Fig. 231. — Ice Moulded by Pressure. 


strong glass jar; and by smearing the interior, just below the neck, 
with colouring matter, he demonstrated that the external layer of 
ice which was first formed, slid along the glass as the freezing pro- 
ceeded, until it was at length protruded beyond the mouth. 

In the experiments of Major Williams, described in § 236, it is pro- 
bable that much of the water remained unfrozen until its pressure 
was relieved by the bursting of the shells. 
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240. Transformation into the State of Vapour.— The majority of 
li(^uide, when left to themselves in contact with the atmosphere, 
gradually pass into the state of vapour and disap])car. This pheno- 
menon occurs much more rapidly with some licjuids tlian with others, 
and those which evaporate most readily are said to be tlic most 
volatile. Thus, if a drop of ether be let fall upon any substance, it 
disappears almost instantaneously; alcohol also evaporates very 
quickly, but water requires a much longer time for a similar trans- 
formation. The change is in all cases accelerated by an increase of 
temperature ; in fiict, when we dry a body before the hre, we are 
simply availing ourselves of this property of heat to hasten the 
evaporation of the moisture of the body. Evaporation may also 
take place from solids. Thus camphor, iodine, and several other 
substances pass directly from the solid to the gaseous state, and we 
shall see hereafter that the vapour of ice can l)e detected at tem- 
peratures far below tlie freezing-point. 

Evaporation, unlike fusion, occurs over a very wide range of tem- 
perature. There appears, however, to be a temperature for each 
substance, below which evaporation, if it exist at all, cannot be 
detected. This is the case with mercury at 0° C., and with sulphuric 
acid at ordinary atmospheric temperatures. 

241. VapoiiT, Gas. — The words gas and vapour have no essential 
difference of meaning. A vapour is the gas into wdiich a liquid is 
changed by evaporation. Every gas is probably the vapour of a 
certain liquid. The word vapour is especially applied to the gaseous 
condition of bodies which are usually met with in the liquid or solid 
state, as water, sulphur, &;c.; while the word gas generally denotes a 
body which, under otdinary ccyiditions, is never found in any state 
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but the gaseous. There are a few gases which experimenters have 
hitherto been unable to obtain under any other^ form.' These are 
oxygen, hydrogen, nitrogen, nitric oxide, carbonic oxide, and marsh 
gas ; they are sometimes called permanent gases, 

242. Elastic Force of Vapours. Maximum Tension. — The char- 
acteristic property of gases is their expansibility or elastic force,^ 
This may be exemplified in the case of vapours by the following 
experiment. 

A glass globe A (Fig. 232) is fitted with a metal cap provided with 
two openings, one of which can be made to communicate with a 
mercurial manometer, while the other is furnished with a stop-cock K. 
The globe is first exhausted of air by establishing communication 
through R with an air-pump. The mercury rises in the l^ft-hand 
and falls in the right-hand branch of the manometer; the final dif- 
ference of level in the two branches differing from the height of the 
barometer only by the very small quantity representing the tension 
of the air left beliind by the machine. The stop-cock R is then 
closed, and a second stop-cock R' surmounted by a funnel is fixed 
above it. The hole in this second stop-cock, instead of going quite 
through the metal, extends only half-way, so as merely to form a 
cavity. This cavity serves to introduce a liquid into the globe, 
without any communication taking place between the globe and the 
external air. For this purpose we have only to fill the funnel with 
a liquid, to open the cock R, and to turn that at R' backwards and 
forwards several times. It will be found, that after the introduction 
of a small quantity of liquid into the globe, the mercurial column 
begins to descend in the left branch of the manometer, thus in- 
dicating an increase of elastic force. This elastic force goes on in- 
creasing as a greater quantity of liquid is introduced into the globe ; 
and as no liquid is visible in the globe, we must infer that it eva- 
porates as fast as it is introduced, and that the fall of the mercurial 
column is caused by the elastic force of the vapour thus formed. 

This increase of pressure, however, does not go on indefinitely. 
After a time the difference of level in the two branches of the mano- 
meter ceases to increase, and a little of the unevaporated liquid may 
be seen in the globe, which increases in quantity as more liquid is 
introduced. From this important experiment we conclude that there 
is a limit to the quantity of vapour which can be formed at a given 

temperature in an empty space. 'W’hen this limit is reached, the 

1 

^ The names ^rmure, temion, and tlastic^forccy are used interchangeably. 
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space is said to be saturatedy and the vapour then contained in it is 
at maximum tensioTiy and at maximum density. It evidently fol- 
lows from this that if a quantity of vapour at less than its maxinunn 
tension be inclosed in a given space, and then compressed at constant 



Fig. 292. Apparatus for stiulying tho Fortuatiou of \apourH. 


temperature, its tension and density will increase at first, but that 
after a time a point will be reached when further compression, in- 
stead of increasing the density of the vapour, will only cause some of 
it pass into the liquid state. This last result may be directly 
verified by the following, experiment. A barometric tube ah (Fig. 
233 ) is filled with mercury, with the exception of a small space, into 
which a few drops of ether ai;p introduced, care having first been 
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taken to expel any bubbles of air which may have remained ad- 
hering to the mercury. The tube is* then inverted in the deep bowl 
MN, when the ether ascends to the surface of the mercury, is there 
converted into vapour, and produces a sensible depression of the. 

mercurial column. If the quantity of ether 
be sufficiently small, and if the tube be 
kept sufficiently high, no liquid will be 
perceived in the space above the mercury ; 
this space, in fact, is not saturated. The 
tension of the vapour which occupies it is 
given by the difference between the height 
of the column in the tube and of a baro- 
meter placed beside it. If the tube be 
gradually lowered, this difference will at 
first be seen to increase, that is, the tension 
of the vapour of ether increases; but if 
we continue the process, a portion of liquid 
ether will be observed to collect above the 
mercury, and after this, if we lower the 
tube any further, the height of the mer- 
cury in it remains invariable. The only 
effect is to increase the quantity of liquid 
deposited from the vapour.^ 

243. Influence of Temperature on the 
Maximum Tension. — Returning now to 
the apparatus represented in Fig. 232, sup- 
pose that some of the liquid remains un- 
evaporated in the bottom of the globe, and 
let the globe be subjected to an increase 
of temperature. An increase of elastic 
force will at once be indicated by the man- 

Fig. 233.— Maximum Tension of , i .1 1 1 ... « 1 . .1 .n 

* vapoura. ometer, while the quantity of liquid will 

be diminished. The maximum tension of 
a vapour, therefore, and also its maximum density, increase, with the 
temperature; and consequently, in order to saturate a given space, 
a quantity of vapour is required which increases with the tempera- 
ture. In a subsequent chapter we shall give the results of experi- 

^ Strictly speaking, there wiU be a slight additional depression of ilie mercurial column 
due to the weight of the liquid thus deposited on its summit ; ^but this effect will generally 
be very small, as the vapour occupies much morq^ space than the liquid which it yields. 
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ments on the maximum tension of aqueous vapour at different tem- 
peratures, and it will be seen that the increase is exceedingly rapid. 
• Fig. 234 is a graphical representation of the rate at which the 
.maximum density of a vapour increases with the temperature. 
Lengths are laid off on the base-line AB, to represent temperatures 
from 20 to -j-35 C., and ordinates are erected at every fifth do- 



Fig. 234.— Saturation at different Ternperaturos. 

gree, proportional to the weights of vapour required to saturate the 
same apace at different temperatures. The curve CD, drawn through 
the extremities of these ordinates, is the curve of vapour-density as 
a function of -temperature. The figures on the right hand indicate 
the number of grammes of vapour required to saturate a cubic metre. 

244. Mixture of Gas and Vapour. — Tl)e experiments witli tlie 
apparatus of Fig. 232 may be repeated after filling the globe with 
dry air, or any other dry gas, and the results finally obtained will 
be the same as with the exhausted globe. If, as belore, we introduce 
success! v'e small quantities of a liquid, it will be converted into vapour, 
and the pressure will go on increasing till saturation is attained; the 
elastic force of vapour will then be found to be exactly tlie same as 
in the case of the vacuous globe, and the quantity of liquid eva- 
porated will also be the same. 

There is, however, one important difference. In the vacuum the 
complete evaporation of the liquid is almost instantaneous; in a gas, 
on the other hand, the evaporation and consequent increase of pres- 
sure proceed with comparative ^lowness ; and the difference between 
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the two cases is more marked in proportion as the pressure of the 
gas is greater. 

We may lay down, then, the two following laws for the, mixture 
of a vapour with a gas : — 

1. The weight of vapowr which will enter a given space is the 
same whether this space he empty or filled with gas^ provided plenty 
of time he allowed. 

2. When a gas is saturated with vapour, the actual tension of the 
mixture is the sum of the tensions due to the gas and vapour sepa- 
rately; that is to say, it is equal to the pressure which the gas would 
exert if it alone occupied the whole space, plus the maximum ten- 
sion of vapour for the temperature of the mixture. 

This second law evidently comes under the general rule for deter- 
mining the pressure of a mixture of gases (§ 127); and the same rule 
applies to a mixture of gas and vapour when the quantity of the 
latter falls short of saturation. Each element in a mixture of gases 
and vapours exerts the game pressure on the walls of the containing 
vessel as it would exert if the other elements were removed. 

It is doubtful, however, whether these laws are’ rigorously true. 
It would rather appear from some of Regnault's experiments, that 
the quantity of vapour taken up in a given space is slightly, though 
almost insensibly, diminished, as the density of the gas which oc- 
cupies the space is increased. 

245. Liquefaction of Gases. — When vapour exists in the state of 
saturation, any diminution in the volume must, if .the temperature 
is preserved constant, involve the liquefaction of as much of the 
vapour as would occupy the dilFerence of volumes ; and the vapour 
which remains will still be at the original density and tension. A 
vapour existing by itself may therefore be completely liquefied by 
subjecting it to a pressure exceeding, by ever so slight an amount, 
the maximum tension corresponding to the temperature, provided 
that the containing vessel is prevented from rising in temperature. 

Again, if a vapour at saturation be subjected to a fall of tem- 
perature, while its volume remains unchanged, a portion of it must 
be liquefied corresponding to the difference between the density of 
saturation at the higher and at the lower temperature. This opera- 
tion will obviously diminish the tension, since this will now be the 
maximum tension corresponding to the lower instead of to the 
higher temperature. * 

There are therefore two distinct i^eans of liquefying a vapour — 



LIQUEFACTION OF GASES. 


:]23 


increase of pressure, and lowering of temperature. They are em- 
ployed sometimes separately, aM sometimes in conjunction. 

• Fig. 235 represents the apparatus usually employed for obtaining 
. sulphurous acid in the 
liquid state. The gas, 
which is generated in a 
glass globe, passes first 
into a washing- bottle, 
then through a drying- 
tube, and finally into a 
tube surrounded with a 
freezing mixture of snow 
and salt. 

Pouillet’s apparatus, de- 



Fig. 2u5-— Liquofaciion of Sul]4iuroiiii Acid. 


scribed in § 120, serves to liquefy most gases by means of compression 
In order to ascertain the pressures at which liquefaction takes 
place, or, in other words, the maximum tensions of gases, one of the 
tubes in that apparatus is replaced by a shorter tube, containing 
atmospheric air, and serving as a manometer. 

By this means Pouillet has found that, at the tempei’ature of 10” C., 
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the other is immersed in a freezing mixture. The pressure produced 
by the evolution of the gas in large quantity in a confined space, 
combines with the cold of the freezing mixture to produce bquefac*- 
tion of the gas, and the liquid accordingly collects in the cold end of. 
the tube. 

Thilorier, about the year 1 834, invented the apparatus represented 
in Fig. 237, which is based on this method of Faraday, and is in- 
tended for liquefying carbonic ac^d gas. This operation requires the 
enormous pressure of about fifty atmospheres at ordinary tempera- 
tures. If a slight rise of temperature occur from the chemical actions 
attending the production of the gas, a pressure of 75 or 80 atmo- 
spheres may not improbably be required. Hence great care is neces- 
sary in testing the strength of the metal employed in the construc- 
tion of the apparatus. It w(is formerly made of cast iron, and 



. Fig. 237.— Tliilorier‘» Apparatus. 

strengthened by wrought-iron hoops; but the construction has since 
been changed on account of a terrible explosion, which cost the life 
of one of the operators. At present the vessels are formed of three 
parts; the inner one of lead, the next e, which completely envelops 
this, of copper, and fitially, the hoops ff of wrought iron (Fig. 237), 
which bind the whole together. Thf apparatus consists of two dis- 


JLigUEFACTION OF GASES. 


325 


tinct reservoirs. In the generator C is placed bicarbonate of soda, 
and a vertical tube a, open at ‘top, containing sulphuric acid. By 
imparting an oscillatory movement to the vessel about the two pivots 
which support it near the middle, the sulphuric acid is gradually 
spilt, and the carbonic acid is evolved, and becomes liquid in the 
interior. The generator is then connected with the condenser C' by 
the tube and the stop-cocks R and R' are opened. As soon as the 
two vessels are in communication, t}ie liquid carbonic acid passes into 
the condenser, which is at a lower temperature than the generator, 
and represents the cold branch of Faraday’s apparatus. Tlie gene- 
rator can then be disconnected and recharged, and thus several pints 
of liquid carbonic acid may be obtained. 

In the foregoing methods, the pressure which produces liquefaction 


is furnished by the evolution of the gas itself. 

In some other forms of apparatus the pressure is obtained by the 
use of one or more compression-pumps, which force the gas from the 
vessel in which it is generated into a second vessel, winch is kept cool 
either by ice or a freezing mixture. The apparatus of this kind 
which is most extensively used is that devised by Bianclii. It con- 
sists of a compression-pump driven by a crank furnished with a fly- 


wheel, and turned by hand. 

Faraday, in his later experiments, emi)loyed two pumps, the first 
having a piston of an inch, and the second ot only half an inch dia- 
meter. The first pump in the earlier stage of the operation forced 
the gas through the second into the receiver. In the later stage the 
second pump was also worked, so as to force the gas already con- 
densed to 10, 15, or 20 atmospheres into the receiver at a much 
higher pressure. The receiver was a tube of green bottle-glass, and 
was immersed in a very intense freezing mixture, consisting of solid 
carbonic acid and ether, the cooling eflect being sometimes increased 
by exhausting the air and vapour from the vessel containing the 
freezing mixture, so as to promote more rapid evaporation. 

246 a. Continuity of the Liquid and Gaseous States.— Remark ab o 
results were bbtained by Cagiiiard de la Toiir^ by hc^xting volati e 
liquids (alcohol, petroleum, and sulphuric ether) in closed tubes of 
git .tWh, and of capacity aW double tt. volume ot tb. 
inclosed liquid. At oertain temi>emture8 (36 0. for alcobol, o,nd 
for ether) the liquid suddenly disappeared, becoming apparently con- 


verted into vapour. 


* Ann, ie Chim, TT. xxi. 
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Drion,^ by similar experiments upon hydrochloric ether, hyponitric 
acid, and sulphurous acid, showed — ' 

1. That the coefficients of apparent expansion of these liquids 
increase rapidly with the temperature. 

2. That they become equal to the coefficient of expansion of air, 
at temperatures much lower than those at which total conversion 
into vapour occurs. 

3. That they may even becomp double and more than double the 
coefficient of expansion of air; for example, at 130°C. the coefficient 
of expansion of sulphurous acid was *009571. 

Thilorier had previously shown that the expansion of liquid car- 
bonic acid between the temperatures 0° and 30° C. is four times as 
great as that of air. 

Drion further observed, that when the temperature was raised 
very gradually to the point of total vaporization, the free surface lost 
its definition, and was replaced by a nebulous zone without’ definite 
edges and destitute of reflecting power. This zone increased in size 
both upwards and downwards, but at the same time became less 
visible, until the tube appeared completely empty. The same 
appearances were reproduced in inverse order on gradually cooling 
the tube. 

When the liquid was contained in a capillary tube, or when a 
capillary tube was partly immersed in it, the curvature of the meniscus 
and the capillary elevation decreased as the temperature rose, until 
at length, just before the occurrence of total vaporization, the surface 
became plane, and the level was the same within as without the tube. 

Dr. Andrews, by a series of elaborate experiments on carbonic 
acid, with the aid of an apparatus which permitted the pressure and 
temperature to be altered independently of each other, has shown 
that at temperatures above 31° 0. this gas cannot be liquefied, but, 
when subjected to intense pressure, becomes reduced to a condition 
in which, though homogeneous, it is neither a liquid mor a gas. 
When in this condition, lowering of temperature under constant pres- 
sure will reduce it to a liquid, and diminution of pressure at constant 
temperature will reduce it to a gas; but in neither case can any breach 
of continuity be detected in the transition. 

On the other hand, at temperatures below 31°, the substance 
remains completely gaseous until the pressure reaches^a certain limit 
depending on the temperature, and any pressure exceeding this limit ^ 

‘ Ann. de Chin,^ll. Ivi. 
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causes liquefefCtion to commence and to continue till the wliole of the 
gas IS liquefied, the boundary between the liquefied and unliquetied 
portions being always sharply defined. 

^ The temperature 31° C., or more exactly 30*92° C. (87*7° F.), may 
therefore be called the critical temperature for carbonic acid; and it 
is probable that every other substance, whether usually occurring in 
the gaseous or in the liquid lorm, has in like manner its own critical 
temperature. Dr. Andrews found that nitrous oxide, hydi'ochloric 
acid, ammonia, sulphuric ether, and ^ulpliuret of carbon, all exhibited 
critical temperatuies, wliich, in the case of some of tliese substances, 
were above 100° C. 

It is probable that, in the experiments of Cagniard de la Tour and 
Drion, the so-called total conversion into vapour was really conver- 
sion into the intermediate condition. 

Ihe continuous conversion of a gas into a liquid may be effected 
by first compressing it at a temperature above its critical tempera- 
ture, until it is reduced to the volume which it will occupy when 
liquefied, and then cooling it below the critical point. 

The continuous conversion of a liquid into a gas may be obtained 
by first raising it above the critical temperature while kept under 
pressure sufficient to prevent ebullition, and afterwards allowing it 
to expand. 

When a substance is a little above its critical temperature, and 
occupies a volume which would, at a lower ternpemture, be com 
patible with partial liquefiiction, very great changes of voliiiiie arc 
produced by very slight changes of pressure. 

On the other hand, when a substance is at a temperature a littl(* 
below its critical point, and is partially liquefied, a slight increase of 
temperature leads to a gradual obliteration of the surface of demarca- 
tion between the liquid and tlie gas; and when the wliole has thus 
been reduced to a homogeneous fluid, it can be made to exhibit an 
appearance of moving or flickering striae throughout its entire mass 
by slightly lowering the temperature, or suddenly diminishing the 
pressure. 

The apparatus employed in these remarkable experiments, which 
ate described in the Bakerian Lecture {Phil. Trans. 1 869), is shown 
in Fig. 237 a, where cc are two capillary glass tubes of great strength, 
one of them containing the carbonic acid or other gas to be experi- 
mented on, the* other containing ^ir to serve ag a manometer. These 
are connected with strong copp^er tubes deZ, of larger diameter, con- 
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taining water, and communicating with each other through a 6, the 
water being separated from the gases by a column of mercury oc- 
cupying the lower portion of each 



capillary tube. The steel screws ss 
are the instruments for applying 
pressure. By screwing either of 
them forward into the water, the 
contents of both tubes are com- 
^pressed, and the only use of having 
two is to give a wider range of 
compression. A rectangular brass 
case (not shown in the figure), closed 
before and behind with plate-glass, 
surrounds each capillary tube, and 
allows it to be maintained at any 
required temperature by the flow 
of a stream of water. 

247. Latent Heat of Vaporization. 
Cold produced by Evaporation. — The 
passage from the liquid to the gas- 


Fig. 237 a.— A narewB’ Apparatus. cous State is accompanicd by the 


disappearance of a large quantity of 
heat. Whenever a liquid evaporates without the application of heat, 
a depression of temperature occurs. Thus, 


for instanpe, if any portion of the skin be 
kept moist with alcohol or ether, a decided 
sensation of cold is felt. Water produces 
the same effect in a smaller decree, be- 
cause it evaporates less rapidly. 

The heat which thus disappears in 
virtue of the passage of a liquid into the 
gaseous condition, is called the latent heat 
of vaporization. Its amount varies ac- 
cording to the temperature at which the 
change is effected, and it is exactly re- 
stored when the vapour returns to the 



liquid form, provided that both changes ' ng. 238.-Letiiie’8 Experiment. 


have been effected at the same tempera- 


ture. Its amount for^ vapour of w*ater at the temiferature 100® C. 
is 536®; that is to say, the quantity ^of heat winch disappears in the 
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evaporation of a pound of water at this temperature, and which 
reappetirs in the condensation of a pound of steam at the same tem- 
perature, would be sufficient to raise the temperature of 536 pounds 
of water from 0° to V, 

The latent heat of vaporization plays an important part in the 
heating of buildings by steam. A pound of steam at 100", in 



Fig. 239. — Cari’C*’B Apparatus. 


becoming reduced to water at 30°, gives out as much lieat as about 
8§ lbs. of water at 100° in cooling down to the same temperature. 

848. Leslie’s Experiment. — Water can be easily frozen by the cold 
resulting from its own evaporation, as was first shown by Leslie in 
a celebrated experiment. A, small capsule (Fig. 238) ot coppen is 
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taken, containing a little water, and is j|laced above a vessel con- 
taining strong sulphuric acid. The wJiole is placed under the receiver 
of an air-pump, which is then exhausted. THe water evaporates with 
great rapidity, the vajpour being absorbed by the sulphuric acid as , 
last as it is formed, and ice soon ^begins to appear on the surface. 
The experiment is, however, rather difficult to perform successfully. 
This arises from various causes. 

In the first place, the vapour of water which occupies the upper 
part of tlie receiver is only imperfectly absorbed ; and, in the second 
place, as the upper layer of the acid becomes diluted by absorbing 
the vapour, its affinity for water rapidly diminishes. 

These obstacles have been removed by an apparatus invented by 
M. Carrd, which enables us to obtain a considerable mass of ice in a 
few minutes. It consists (Fig. 239) ,of a leaden reservoir containing 
sulphuric acid. At one extremity is a vertical tube, the end of which 
is bent over and connected with a flask containing water. The other 
extremity of the reservoir communicates with an air-pump, to the 
handle of which is fitted a metallic rod, which drives dn agitator 
immersed in the acid. By this means the surface of the acid is con- 
tinually renewed, absorption takes place with regularity, and the water 
is rapidly frozen. 

249. Cryophorus. — Wollaston's cryophorus (Fig. 240) consists of a 
bent tube with a bulb at each end. It is partly tilled with water, 

and hermetically sealed while the 
liquid is in ebullition, thus expelling 
the air. 

When an experiment is to be made, 
all the liquid is passed into the bulb 
B, and the bulb A is plunged into a 
freezing mixture, or into pounded ice. 
The cold condenses the vapour in A, 
and thus produces rapid evaporation 
of the water in B. In a short time 
needles of ice appear on the*' surface of 
the liquid. 

260. Freezing of Water by the Eva- 
poration of Ether. — Water is poured 
into a glass tube dipped into ether, 
which is contained in a» glass vessel for the purpose (Fig. 241). By 
means of a pair of beUows a current yf air is made to pass through 



Fig. 240.— Cryophorufl. 



FilEEZIKG OF MERCURY. 


331 


the ether; evaporation is |«ickly produced, and at the end of a few 
minutes the water in the tube is frozen. 



B'ig. 241. — Freezing of Witter by Evaporation of Ether. 


If, instead of promoting evajioration of the ether by means of a 
current of air, the vessel were ])laced under the exhausted receiver 
of an air-pump, a much greater fall of temperature would be ob- 
tained, and even mercury might easily he fiozen. This experiment, 


however, is injurious to the pump, owing to the sol- 
vent action of the ether on the oil with which the 
valves and other moving parts are lubricated. 

251. Freezing of Mercury by means of Sulphurous 
Acid. — Mercury may be frozen by means ot liquid 
sulphurous acid, which is much more volatile than 
ether. In order to escape the suffocating action of the 
gas, the experiment is performed in the following 



manner : — Fig. 242. 

Into a glass vessel (Fig. 242) are poured successively 
mercury and liquid sulphurous acid. The vessel is eaiphurouji Acid, 
closed hy an india-rubber stopper, in which two glass 
tubes are fitteS. One of these* dips to the bottom of the sulphur- 
ous acid, and is conhectod at, its outer end with a bladder full of 
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air. Air is passed through the liquid J^pompressing the bladder, 
and escapes, charged with yapour; 4hr6ugh the second opening, 
which is fitted with an india-rubber tube leading to the open air. 
Evaporation proceeds with great rapidity, and the mercury soon, 
freezes. 

852. Carry's Apparatus. — The apparatus invented son^e years ago 
by M. Carrd for making ice is another instance of the application of 
cold produced by evaporation. It consists (Eigs. 243 and 244) of two 
parts, a boiler and a cooler. The boiler is of wrought iron, and is so 
constructed as to give a very large heating surface. It is three- 



Fig. 243. CftiTd’s Apimratuti. Fig. 244, 


quarters filled with a saturated solution of ammonia, which contains 
from six to seven hundred times its volume of gas. The cooler is of 
an annular form, and in the central space is placed a vessel contain- 
ing the water to be frozen. In the sides of the cooler are a number 
of small cells, the object of which is to increase the surface of con- 
tact of the metal with the liquid. 

In the first part of the experiment, which is represented in the 
figure, the boiler is placed upon a fire, and the temperature raised to 
130®, while the cooler is surrounded with cold water. Ammoniacal 
gas is given off, passes into the cooler by the valve opening up- 
wards, and is condensed in the numerous cells above menti 9 ned. 
This first part of tlie operation, in the small machines for domestic 
use, occupies about three-quarters of an hour. In the second part of 
the operation, the cylindrical vessel containing the water to be frozen 
is placed in the central space ; the cooler is surrounded wf th an envelope 
of felt, which is a very bad conductoi{ of heat, ftnd the boiler is im- 
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mersed in cold water. Tke water in the boiler, as it cools, is able 
again to receive and .dissolve the gas, which enters by the valve s of 
the bent siphon-shaped tube. 'The liquid ammonia in the cooler 
accordingly evaporates with great rapidity, producing a fall of tem- 
perature which freezes the water in the inclosed vessel. 

^53. Solidification of Carbonic Acid. — When a small orifice is opened 
in a vessel containing liquid carbonic acid, evaporation proceeds so 
rapidly that the cold resulting from it freezes a portion of the vapour, 
which takes the form of fine snow, and may be collected in consider- 
able quantity. 

This carbonic acid snow, which was first obtained by Thilorier, is 
readily dissolved by ether, and forms with it one of tlie most intense 
freezing mixtures known. By immersing tubes containing liquefied 
gases in this mixture, Faraday succeeded in reducing several of them, 
including carbonic acid, cyanogen, and nitrous oxide, to the form of 
clear transparent ice, the fall of temperature being aided, in some 
of his experiments, by employing an air-pump to promote more rapid 
evaporation of carbonic acid from the mixture. By the latter pro- 
cess he was enabled to obtain a temperature of —16(5'^ F. ( ““110® C.) 
as indicated by an alcohol thermometer, tlie alcohol itself being re- 
duced to the consistence of oil. Despretz, by means of the cold 
produced by a mixture of solid carbonic acid, liquid nitrous oxide, 
and ether, rendered alcohol so viscid that it did not run out when 
the vessel which contained it was inverted. 
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254. Ebullition. — When a liquid contained in an open vessel is sub- 
jected to a continual increase of temperature, it is gradually changed 
into vapour, which is dissipated in the surroun'ding atmosphere. 
This action is at first confined to the surface; but after a certain time 

bubbles of vapour are formed in the inte- 
rior of the liquid, which rise to the top, 
and set the entire mass in motion with 
more or less vehemence, accompanied by a 
characteristic noise; this is what is meant 
by ehulliiion or boiling. 

If we observe the gradual progress of 
this phenomenon, — for example, in a glass 
vessel containing water, we shall perceive 
that, after a certain time, very minute 
bubbles are given off; these are bubbles 
of dissolved air. Soon after, at the bottom 
of the vessel, and at those parts of the sides 
.which are most immediately exposed to 
the action of the fire, larger bubbles of 
vapour are formed, which decrease in vol- 
ume as they ascend, and disappear before 
reaching the surface. This stage is accom- 
panied by a peculiar sound, « indicative of 
approaching ebullition, and the liquid is said to be singing. The 
sound is probably caused by the collapsing of the bubbles as they are 
condensed by the cdlder water through which they pass. Finally, 
the bubbles increase in number, growing larger as they ascend, until 
they burst at the surface, which is thus kept in. a state of agitation ; 
the liquid is then said to boil. 



I'ig. 245.~Ebiillition. 



laws of ebullition. 


335 


255. Laws of Ebullition. — 1. At the ordinary pressure, ebullition 
ocmmencee at a temperature which {roughly speaking) is definite for 
each liquid, * 

. This law is analogous to that of fusion (§ 225). It follows from 
this that the boiling-point of any liquid is a specific element, serving 
to determine its nature. 

The following tablb gives the boiling-points of several liquids at 
the pressure of 760 millimetres: — 


Sulphurous acid, - 10*^ C. Spirits of turpentine, . . . + ISO** C. 

Hydrochloric ether, . . , . + 11° Phosphorus, 290® 

Common ether, 37® Concentrated sulphuric acid, . 325® 

Alcohol, 79® Mercury, 853® 

Distilled water, 100* Siili>hur, ‘ 440® 


% The temperature, in ordinary circumstances, remains constant 
during ebullition. If a thermometer he introduced into the glass' 
vessel of Fig. 245, the temperature will be observed to rise gradually 
during the different stages preceding ebullition; but, when active 
ebullition has once commenced, no further variation of temperature 
will be observed. This phenomenon points to the same conclusion 
as the cold produced by evaporation. 

Since, notwithstanding tlie continuous action of the fire, the 
temperature remains constant, the conclusion is inevitable, that all 
the heat produced is employed in doing the work necessary to change 
the liquid into vapour. The constancy of temperature during ebulli- 
tion explains the fact that vessels of pewter, tin, or any other easily 
fusible metal, may be safely exposed to the action of even a very hot 
fire, provided that they contain water, since the liquid remains at a 
temperature of about 100°, and its contact prevents the vessel from 
over-heating. 

3. The elastic force of the vapour given off during ebullition is 
equal to the pressure of the external air. 

This important proposition may be experimentally demonstrated 
in the following noanner: — 

We take a, bent tube A, open at the longer extremity, and closed 
at the shorter. The short branch is filled with mercury, all but a 
small space containing water; in the long branch the mercury stands 
a little higher than the bend. Water is now boiled in a glass vessel, 
and, during ebullition, the bent tube is plunged into tlje steam. 
The water occflpyi ng the upper* part of the sliort branch is partially 
converted into steam, the mej’cury falls, and it assumes the same 
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level in both hmnchea. Thus the pressure exerted by the atmosphere 
at the open extremity of the tube is exactly equal to that exerted by 

the vapour formed by water in 
ebullition. 

266. Theory of Ebullition. — 
This latter circdmstance supplies 
the true |fhysical definition of 
ebullition. A liquid is in ebulli- 
tion when it gives off vapour of 
the same tension as the atmo- 
sphere above it 

The necessity of this equality 
of tension is easily explained. If 
a bubble of vapour exists in the 
interior of a liquid as at m (Fig. 
24 j 7), it is subject to a pressure 
exceeding atmospheric by the 
weight of the liquid above it. As 
the bubble rises, the latter ele- 
ment of pressure becomes less, 
and the tension of the vapour 

Fig. 246."-Toii8ioTi of Vapour during Ebullition. COmpOsing the bubble accordingly 

diminishes, until it is reduced to 
atmospheric pressure on reaching the surface. 

The boiling-point of a liquid is therefore necessarily fixed, since it 
is the temperature at which the tension of the vapour at saturation, 
is equal to that of the atmosphere. It must be remarked, however, 
that this temperature varies in the different layers of the liquid, and 
that it increases with the depth below the surface. -Accordingly, in 
determining the second fixed point of the thermometer, we have 
stated that the instrument should be plunged into tbe 
steam, and not into the water, 

257. Effect of Pressure upon the . Boiling-point. — It 
evidently follows from the foregoing considerations that 
the boiling-point of a liquid must vary with the pres- 
sure on the surface; and experiment shows that this 
Fig. 247. is the' case. Water, for instance, boils at 100® under 
the external pressure of 760^ millimetres; but if the 
pressure decreases, ebuyition occurs at a lower tempefature. Under 
the receiver of an air-pump, water m^y be made to boil at any tern- 
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perature between O'" and lOO®. In CaiT^’s apparatus (Fig. 239) the 
water in the glass bottle is observed to enter into active ebullition a 
.few moments before the appearance of the ice. The reason, therefore, 
why boiling water has come to be associated in our minds with a 
fixed temperature is that the variations of atmospheric pressure are 
comparatively small. 

At Paris, for instance, the external pressure varies between 720 
and 790 millimetres (28*3 and 31 T inches), and the boiling-point, 
in consequence, varies from 98 o'’ to 101 r. 

268. Franklin’s Experiment. — The boiling of water at a temperatui’o 
lower than 100° may be shown by the following experiment: — * 

A little water is boiled in a flask for a sufiicient time to expel most 
of the air contained in it. The 
flask is then removed from the 
source of heat, and is at the 
same time securely corked. To 
render the exclusion of air still 
more certain, it maybe inverted 
with the corked end immersed 
in water which has been boiled. 

Ebullition ceases almost imme- 
diately; but if cold water be 
now poured over the vessel, or, 
better still, if ice be applied to 
it, the liquid again begins to 
boil, and continues to do so for 
a considerable time. This fact 
may easily be explained: the 
contact of the cold water or 
the ice lowers the temperature Fig. 248.-Frankiiii’8 Exi^imeut. 

and tension of the steam which 

presses upon the surface of the liquid, and the decrease oi tension 
causes the renewal of ebullition. 

260. Detsrmination of Heights by Boiling-point.— Just as wo can 
determine the boiling-point of water when the external pressure is 
given, so, if the boiling-point be known, we can determine the ex- 
ternal pressure. In either case we have simply to refer to a fcible of 
maximum tensions of aqueous vapour at different temperatures. 

As the barftmeter is essentially unsuitable for portability, Wollaston 
proposed to substitute the cjbservation of boiling-points^ as a means 
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of determining pressures. For this purpose he employed a thermo- 
meter withal large bulb and with a scale extending only a few de- 
grees above an'’ below 100®. He called this instrument the terome- 
trie thermometer. 

Regnaijlt has constructed a small instrument for the same purpose, 
which he calls the hypsometer. It consists of a little boiler heated 

by a spirit-lamp, and terminating in a tele- 
scope tube with an opening at the side 
through which the steam escapes. A ther- 
mometer dips into the steam, and projects 
through the top of the tube so as to allow 
the temperature of ebullition to be read; 

This temperature at once gives the atmo- 
spheric pressure by reference to a table of 
vapour-tensions, and the subsequent com- 
putations for determining the height are the 
same as when the barometer is employed 
(§ 112 ). 

When only an approximate result is de- 
sired, it may be assumed that the height 
above sea-level is sensibly proportional to 
the difference between the observed boiling- 
point and 100° C., nnd Soret's formula^ may 
be employed, viz. ; 

A = 295 (100-0, 

where h is expressed in metres and t in, 
degrees Centigrade. 

Fig. 260.-Hypaometer. Thus, at Quito, wliere the boiling-point 

of water is about 901°, the height above sea- 
level would be 9*9 X 295=2920 metres, which agrees nearly with the 
true height 2808 metres. 

At Madrid, at the mean pressure, the boiling-point is 97*8°, which 
gives 22x295=649 metres; the actual height being 610 metres. 

361. Papin's Digester, — While a decrease of pressure lowers the 
boiling-point, an increase of pressure raises it. Accordingly, by put- 
ting the boiler in communication with a reservoir containing air at 
the pressure of severe atmospheres, we can raise the boiling-point to 
110°, 115°, or 120°; a result often of great utility in the arts. But in 

^ If h be expressed in feet; and t in degrees jPahrenheit, the formula becomes 
A = 588 (212-0. 
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order that the liquid may actually enter into ebullition, the space 
above the liquid must be sufficiently large and cool to Rllow of the 
condensation of the steam. In a confined vessel, water may be raised 
to a higher temperature than would be possible in the open air, but 
it will not boil. This 'is the case in the apparatus invented by the 
celebrated Papin, and called after him Papin's digester. It is a 
bronze vessel of great strength, covered with a lid secured by 
powerful screw. It is employed for raising water to very high tem- 
peratures, and thus obtaining effects which would not be possible with 
water at lQ0®i such for example as dissolving the gelatine contained 
in bones. 

It is to be observed that the tension of the steam increases rapidly 
with the temperature, and may finally acquire an enormous power. 
Thus, at 200®, the pressure is that of 16 atmospheres, that is about 
240 pounds on the square inch. 

In order to obviate the risk of 
explosion, Papin introduced a 
device for preventing the pres- 
sure from exceeding a definite 
limit. This invention has since 
been applied to the boilers of 
steam-engines, and is well 
known as the safety-valve. It 
consists of an opening, closed 
by a conical valve or stopper, 
which is^ pressed down by a 
lever loaded with a weight. 

Suppose the area of the lower 
end of the stopper to be 1 
square inch, and that the ])res- 
sure is not to exceed 10 atmo- 
spheres, corresponding to a Fig. 26 i.~'rai)ia ’8 DigeHtor. 

temperature of 1 80®. The 

magnitude ahd position of the weight are so arranged that the pres- 
sure on the hole is 10 times 15 pounds. If the tension of the steam 
exceed 10 atmospheres, the lever will be raised, the steam will escape, 
and the pressure will thus be relieved. ^ 

When the tension of the steam contained in the digester has be- 
come considerable, if the lever *be raised, so as to permit some steam 
to escape, it rushes out with A loud noise, and produces a cloud m 
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the air. On placing the hand in this cloud, scarcely any sensation 
of heat is ^perienced, whereas, on performing the same experiment 
with steam at the ordinary pressure, the hand would certainly be 
scalded. This apparently paradoxical result is completely in accord-, 
ance with the principles which have already been stated more than 
once. The steam formed at 100®, being at atmospheric pressure, pre- 
serves its pressure and temperature on issuing into the air. On the 
other hand, the steam generated in Papin’s digester has a pressure 
greatly exceeding that of the atmosphere, and accordingly expands 
rapidly upon its exit, and thus performs work in forcing back the 
external air. The performance of this work is accompanied by the 
loss of an equivalent quantity of heat, and the temperature of the 
jet is consequently considerably lowered. 

262. Boiling-point of Saline Solutions. — When water holds saline 
matters in solution, the boiling-point rises as the proportion of saline 
matter in the water increases. Thus with sea-salt the boiling-point 
can be raised from 10^® to 108®. 

When the solution is not saturated, the boiling-point is not fixed, 
but rises gradually as the mixture becomes concentrated ; but at a 
certain stage the salt begins to be precipitated, and the temperature 
then remains invariable. This is to be considered the normal boiling- 
point of the saturated solution. Supersaturation, however, sometimes 
occurs, the temperature gradually rising above the normal boiling- 
point without any deposition of the salt, until all at once precipita- 
tion begins, and the thermometer falls several degrees. 

The steam emitted by saline solutions consists of pure water, and 
it is fi^equently asserted to have the same temperature as the steam 
of pure water boiling under the same pressure; but the experiments 
of Magnus and others have shown that this is not the case. Magnus, 
for example,^ found that when a solution of chloride Qf calcium was 
boiling at 107®, a thermometer in the steam indicated 105*^°,' and 
whqn by concentration the boiling-point had risen to 116®, the ther- 
mometer in the steam indicated 111 ’2®. 

These and other observations seem to indicate that the steam 
emitted by a saline solution when boiling, is in the condition in which 
the steam of pure boiling water would be, if heated, under atmo- 
spheric pressure, to the temperature of the boiling solution. It can 
therefore be cooled down to the boiling-point of pure water without 
undergoing any liquefaction. When’ cooled to this point, it becomes 
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saturated, and precisely resembles the steam of pure water boiling 
under the same pressure. When saturated steam loses lieat, it does 
not cool, but undergoes partial liquefaction, and it does not become 
.completely liquefied till it has lost as much heat as would have cooled 
more than a thousand times its weight of superheated' steam one 
degree Centigrade. 

262 a. Boiling-point of Liquid Mixtures. — A mixture of two liquids 
which have an attraction for each other, and will dissolve each other 
freely in all proportions— example, water and alcohol — has a boil- 
ing-point intermediate l^ween those of its constituents. But a 
mechanical mixture of two liquids between which no solvent action 
takes place — for example, water and sulphide of carbon — has a boiling- 
point lower than either of its constituents. If steam of water is 
passed into liquid sulphide of carbon, or if sulphide of carbon vapour 
is passed into water, a mixture is obtained which boils at 4!2’6° C., 
being four degrees lower than the boiling-point of sulphide of carbon 
alone. This apparent anomaly is a direct consequence of the laws of 
vapours stated in § 244 j for the boiling-point of such a mixture is the 
temperature at which the sum of the vapour- tensions of 'the two 
independent ingredients is equal to one atmosphere. 

263. Influence of Dissolved Air upon the Boiling-point. The 
presence of air in the midst of the liquid mass is a necessary 
' condition of regularity of ebullition, and of its production at the 
normal temperature; this is shown by several convincing experi- 


ments. . 

1. Donnys Experiment — We take a glass tube bent twice, and 

terminated at one of its extremities by a series of bulbs. The fimt 
step is to wash it carefully with alcohol and ether, finally leaving in 
it some diluted sulphuric acid. These operations arc for the puqiose 
of removing the solid particles adhering to the sides, which always 
detain portions of air. Water is then introduced and boiled long 
enough to expel the air dissolved in it, and while ebullition is pro- 
ceeding, the end of the apparatus is hermetically sealed. 1 he other 
extremity is now plunged in a strong solution of chloride of calcium 
which has a very high boiling-point, and the tube is so placed t la 
all the water shall lie in this extremity; it will then be found tliat 
the temperature may be raised to 135“ without prmlucmg ebullition. 

1 That ia .team heated above the temperature of saturation. Philosophically s,«aki«g. 

steam; but thedhmeis never used except whe«. 

the temperature exceeds ,t^e atmospherifcj boiling-point. 
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At about this temperature bubbles of st^m are seen to be formed, 
and the entire liquid mass is thrown forward with great violence. 



Fig. 262.— Donny’s Experiment. 


The bulbs at the end of the tube are intended to diminish the shock 
thus produced. 

2. Dufour's Experiment . — This experiment is still more decisive. 
A mixture of linseed-oil and oil of cloves, whose respective densities 
are about *93 and 1 01 , is so prepared that, for temperature^ near 1 00®, 
the density of the whole is nearly that of water. This mixture is 
placed in a cubical box of sheet-iron, with two holes opposite each 
other, which are filled with glass, so as to enable the observer to 
perceive what is passing within. The box is placed in a metallic 
envelope, which permits of its being heated latenilly. * When the 
temperature of 1 20® has been reached, a large drop of water is allowed 
to fall into the mixture, which, on reaching the bottom of the box, 
is partially converted into vapour, and breaks up into a number of 
smaller drops, some of which take up a position between the two 
windows, so as to be visible to the observer. The temperature may 
now be raised to 140®, 150®, or even 180®, without producing evapora- 
tion of any of these drops. Now the maximum tension of steam at 
180® is equal to 10 atmospheres, and yet we have the remarkable 
phenomenon of a drop of water remaining liquid at this temperature 
under no other pressure than that of the external air increased by an 
inch or two of oil. The reason is that the air necessary to evapora- 
tion is not supplied. If the drops bfe torched with a rod of metal, 
or, better still, of wood, they are immediately cdhverted into vapour 
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with great violence, accompanied by a peculiar noise. This is 
explained by the fact that the rods used always carry a certain 
quantity of condensed air upon their surface, and by means of this 
air the evaporation is produced. The truth of this explanation is 
proved by the fact, that when the rods have been used a certoin 
number of times, they lose their power of provoking eblillition, owing, 
no doubt, to the exhaustion of the air which was adhering to tlieir 
surfaces. 

3. Production of Ebullition by the foirmtion of Bubbles of Gas 
i/ii the midst of a Liquid . — A retort is carefully washed with 
sulphuric acid, and then charged with water slightly acidulated, from 
which the air has been expelled by repeated boiling. The retort 
communicates with a manometer and with an air-pump. The air is 
exhausted until a pressure of only 150 millimetres is attained, corre- 
sponding to 60° as boiling-point. Dufour has shown that under 
these conditions the temperature may be gradually raised to 75° 
without producing ebullition. But if, while things are in this con- 
dition, a current of electricity is sent through the liquid by means of 
two platinum wires previously immersed in it, the bubbles of oxygen 
and hydrogen which are evolved at the wires immediately produce 
violent ebullition, and a portion of the liquid is projected explosively, 
as in Donny’s experiment. 

From these experiments we may conclude that liquid, when not 
in contact with gas, has a difficulty in making a beginning of vapor- 
ization, and may hence remain in the liquid state even at tempera- 
tures at which vaporization would upon the whole involve a fall of 


potential energy. 

That vapour (as well as air) can furnish the means of overcoimng 
this difficulty, is established by the fact noted by Professor G. C. 
Fo.ster,i that when a liquid has been boiling for some time m a retort, 
it sometimes ceases to exhibit the movements characteristic of ebulli- 
tion, although the amount of vapour evolved at the surface, as mea- 
sured by the amount of liquid condensed in the receiver, contniues 
undiministed. In these circumstances, it would appear that the 
superficial layer of liquid, which is in contact with its own vapour. 


is the only part that is free to vaporize. , , • 

The preceding remarks explain the reluctance of water to boil m 
glass vessels carefully washed, and the peculiar formation, in these 
circumstances,V large bubbles ^f steam, causing what is called hod- 


1 WattB’s^Piciiowary art. “Heat, p. 88. 
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ing by bumpiifig: In the case of sulphuric acid, the phenomenon is 
much more marked; if this liquid be boiled in a glass vessel, enormous 
bubbles are formed at ,the sides, which, on account of the viscous. 

nature of the liquid, raise 
the mass of the liquid 
above them, and then let 
it fall back with such 
violence as sometimes to 
break the vessel. This 
inconvenience may be 

Fig. 253. — ^Apparatus for boiling Sulphuric Acid. aVOidcd by USing an an- 

nular brazier (Fig. 253), 

by means of which the upper part only of the liquid is heated. 

The ebullition of ether and alcohol presents some similar features, 
probably because these liquids dissolve the fatty particles on the 
surface of the glass, and thus adhere to the sides very strongly. 

284. Spheroidal State. — This is the name given to a peculiar con- 
dition which is assumed by liquids when exposed to the action of 
very hot metals. 

If we take a smooth plate of iron or silver, and let .fall a drop of 
water upon it, the drop will evaporate more rapidly as the tempera- 
ture of the plate is increased up 
to a certain point. When the 
temperature of the plate exceeds 
this limit, which, for water, ap- 
pears to be about 1 50°, the drop 
assumes a spheroidal form, rolls 
about like a ball or spins on its 
axis, and frequently exhibits a 
beautiful rippling, as represented 
in the figure. While in this con- 
dition, it evaporates much more : 
slowly than when the plate was 
at a lower temperature. This 
latter circumstance is important, 
and is easily verified by experi- 
ment. If the plate be allowed to cool, a moment arrives when the 
globule of water flattens out, and boils rapidly away with a hissing 
noise. 

These phenomena have been long^known, avid were studied by 



Fig. 254.— Globule in the Spheroidal State. 
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Leidenfrost and Klaproth; but the subject has recently been more 
completely investigated by Boutigny. All liquids are probably capable 
of* assuming the spheroidal stata Among those which have been 
tested are alcohol, ether, liquid sulphurous acid, and liquid nitrous 
oxide. When in this state they do not boil. Sometimes bubbles of 
steam are seen to rise and burst at the top of ‘ the globule, but these 
are always o.wing to some roughness of the surface, which prevents 
the steam from escaping in any other way; when the surface is smooth, 
no bubbles are observed*. 

If the temperature of the liquid be measured by means of a ther- 
mometer with a very small bulb, or a thermo-electric junction, it is 
always found to be below the boiling-point. 

266. Freezing of Water and Mercury by means of the Spheroidal 
State, — ^This latter property enables us to obtain some very striking 
and paradoxical results. Tlie boiling-point of liquid sulphurous acid 
is*-’10°C,, and that of liquid nitrous oxide is about -70® C. If a 
silver or platinum crucible be heated to redness by a powerful lamp, 
and some liquid sulphurous acid be then poured into it, this latter 
assumes the spheroidal state; and drops of water let fall upon it are 
immediately frozen. Mercury can in like manner be frozen in a red- 
hot crucible by employing liquid nitrous oxide in the spheroidal 
state. 

These experiments are due to Boutigny, who called attention to 
them as remarkable exceptions to the usual tendency of bodies to 
equilibrium of temperature. The exception is of the same kind as 
that presented by a vessel of water boiling at a constant temperature 
of 100'' over a hot fire, the heat received by the liquid being in both 
cases expended in producing evaporation. 

266. The Metal not in Contact with the Liquid. — The basis of the 
entire theory of liquids in the spheroidal state is tlie fact that the 
liquid and the metal plate do not come into contact. Tliis fact can 

proved by direct observation. 

The plate used m^ust be quite smooth and accurately levelled. 
When tbe’pkte is heated, a little water is poured upon it, and 
assumes the spheroidal state. By means of a fine platinum wire 
which passes into the globule, the liquid is kept at the centre of the 
metal plate. It is then very easy, by placing a light behind the 
globule, to see distinctly the space between the liquid and the plate. 
The appearance thus presented may be easily.thrown on a screen by 
means of the electricTight. 
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Tbe interruption of contact can also be proved by connecting 
(through a galvanometer) one pole -of a battery with the hot plate, 
while a wire from the other pole is dipped in the liquid. The cur- 


Fig. 255.— -Separatiou between Globule and Plate. 

rent refuses to circulate if the liquid is in the spheroidal state, but is 
immediately established when, on cooling the plate, the liquid begins 
to boil. 

This separation is maintained by the rush of steam from the under- 
surface of the globule, which is also the cause of the peculiar move- 
ments above described. 

In consequence of the separation, heat can only pass to the globule 
by ra<liation, and hence its comparatively ‘ low temperature is ac- 
counted for. 

The absence of contact between a liquid and a metal at a high 
temperature may be shown by several experiments. If, for instance, 
a ball of platinum be heated to bright redness, and plunged (Fig. 256) 
into water, the liquid is seen to recede on all sides, leaving an envelope 
of vapour round the ball. This latter remains red for several seconds, 
and contact does not take place till its temperature has 
fallen to about 150°. An active ebullition then takes 
place, and an abundance of steam is evolved. 

If drops of melted sugar be let fall on water, they will 
float for a short time, though their density is greater 
than that of water (§ 79),, contact being prevented by 
their high temperature. A similar phenomenon is ob- 
served when a fragment of potassium is thrown on water. 
hJt Bau iilwa^tw. watet is decomposed ; its hydrogen takes fire and 
burns with a red flame ; its oxygen combines with the 
potassium to form pota^ih; and the globule of potash ^floats upon the 
surface without touching it, owing H the high temperature under 
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which it is formed. After a few seconds the globule cools sufBcieritly 
to come into contact with the water, and bursts with a slight noise. 

•267. Distillation. — Distillation consists in boiling a liquid and 
condensing the vapour evolved. It* enables us to separate a liquid 
from the solid matter dissolved in it, and to effect a partial separa- 
tion of the more volatile constituent of a mixture from the less 
volatile. 

The apparatus employed for this purpose is called a still. One of 
the simpler forms, suitable for distilling water, is shown in Fig. 257. 

It consists of a retort a, the neck of which c communicates with a 



Fig. 257.— Still, 


Spiral tube dd called the wormy placed in the vessel a, which contains 
cold water. The water in the retort is raised to ebullition, the steam 
given off is condensed in the worm, and the distilled water is col- 
lected in the vessel g. 

As the condensation of the steam proceeds, the water of the cooler 
becomes heated, and must be renewed ; for this purpose a tube 
descending to*the bottom of the cooler is supplied with a contiiuious 
stream of cold water from above, while the superfluous water flows 
out by the tube i at the upper part of the cooler. In this way the 
warm water, which rises to the top, is continually removed. The 
boiler is filled about three-quarters full, and the water in it can from 
time to time renewed by the opening/; but it is advisable not to 
carry tbe process of dlstillation#too far, and to throw away the liquid 
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remaining in the boiler when its volume has been reduced to a fourth 
or a fifth of what it was originally. . By exceeding this" limit we run 
the risk of impairing the purity of tbe water by the carrying over 
of some of the solid matter contained in the liquid in the boiler. 

269. Circumstances which Influence Rapidity of Evaporation.— In 
the case of a liquid exposed to the air, and at atmospheric tempera- 
ture, the rapidity of evaporation increases with the extent of free 
surface, the dryness of the air, and the rapidity of renewal of the 
air immediately above the* surface. 

In the case of a liquid evaporated by boiling, the quantity evapo- 
rated in a given time is proportional to the heat received. This 
depends upon the intensity of the source of heat, the facility with 
which heat passes tlirough the sides of the vessel, and the area of 
heating surface ^ that is to say, of surface (or more properly lamina) 
which is in contact with the liquid on one side, and with the source 
of heat on the other. 
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270. Tension of Aqueous Vapour, — The knowledge of the inaximiim 
tension of the vapour of water at various temperatures is important, 
not only from a theoretical, but also from a j)ractical point of view, 
inasmuch as this tension is the motive force in the steam-enmne. 

O 

Experiments for the purpose of determining the values of this 
element have accordingly been undertaken by several experimenters 
in different countries. The researches conducted by Regnault are 
especially remarkable for the range of temperature which they em- 
brace, as well as for the number of observations which they include, 
and the extreme precision of the methods employed. Next to these 
in importance are the experiments of Magnus in Germany and of 
Fairbairn and Tate in England. 

271. Dalton’s Apparatus. — The first investigations in this subject 
which have any pretensions to accuracy were those of Dalton. The 
apparatus which he employed is represented in Fig. 259. Two baro- 
metric tubes A and B are inverted in tlie same cistern H ; one is an 
ordinary barometer, the other a vapour-barometer; that is, a baro- 
meter in which a few drops of water have been passed up through 
the mercury. The two tubes, attached to the support CD, are sur- 
rounded by a cylindrical glass vessel containing water wliich can be 
raised to different temperatures by means of a fire. The first stef) 
is to fill the vessel with ice, and then read the difference of level of 
the mercury in the two tubes. This can be done by separating the 
fragments of ice. The difference thus observed is the tension of 
aqueous vapour at zero Centigrade. The ice is then replaced by 
water, and the action of the fire is so regulated as to give different 
temperatures, ninging between 0^ and lOO^C*, each of which is pre- 
served constant for a*few minutes, the water being at the same time 
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well stirred by means of the agitator pg, so as to insure uniformity 
of temperature throughout the whole mass. The dij3ferenc4 of level 

in the two barometers is read off in each 
case ; and we have thus the means of 
constructing, with the aid of graphical 
or numerical interpolation, a complete 
table of vapour-tensions from 0® to 100® 
C. At or about this latter temperature 
the mercury in the vapour-barometer 
falls to the level of the cistern; and the 
method is therefore inapplicable for 
higher temperatures. Such a table was 
constructed by Dalton. 

372. Begnault’s Modifications. — ^Dal- 
ton's method has several defects. In 
the first place, it is impossible to insure 
that the temperature shall be every- 
where the same in a column as long as 
that which is formed by the vapour- at 
70®, 75®, and higher temperatures. In 
the second place, there is always a good 
deal of uncertainty in observing the 
difference of level through the sides of 
the cylindrical glass vessel. Regnault 
employed this method only up to the 
Fig. 259 .— *i)ai toil’s AppAiatus. temperature of 50 0. A.t this tempera- 

ture the tension of the vapour is only 
about 9 centimetres (less, than 4 inches) of mercury, and it is thus 
unnecessary to heat the barometers throughout their entire length. 
The improved apparatus is represented in Fig. 260. The two baro- 
metric tubes, of an interior diameter of 14 millimetres, traverse two 
holes in the bottom of a metal box. In qne of the sides of the box 
is a large opening closed with plate-glass, through which the necessary 
observations can be made with great accuracy. On account of the 
shortness of the liquid column it was very easy, by bringing a spirit- 
lamp within different distances of the box, to maintain for a suffi- 
cient time any temperature between 0*^ and 50® C. 

The difference of level between the two mercurial columns should 
be reduced to 0® C. by the ordinary torrection. We should also take 
into consideration the Short columrf of waiter which is above the 
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mercury in the vapour barometer, and which, by its weight, produces 
a depression that may evidently be expressed in mercury by dividing 
the height of the column by 13'59. ® 

To adapt this apparatus to low 
temperatures, it is modified in the 
following way. The upper ex- 
tremity of the vapour barometer 
tube is drawn out and connected 
with a small copper tube of three 
branches, one of which communi- 
cates with an air-pump, and an- 
other with a glass globe of the 
capacity of about 500 cubic centi- 
metres. In the interior of this 
globe is a small bulb of thin glass 
containing water, from which all 
the air has been expelled by boil- 
ing. The globe is several times 
exhausted of air, and after each ex- 
haustion is refilled with air which 
has been passed over desiccating 
substances. After the last exhaus- 
tion, the tube which establishes 
communication with the air-pump 
is hermetically sealed, the box is 
filled with ice, and the tension at 
zero of the dry air left behind in 
the globe by the air-pump is mea- rig. 2co.— ModieodFomofnaiwa Appamtu*. 
sured; it is of course exceedingly 

small. Heat is then applied to the globe, the little bulb bursts, and 
the globe, together with the space above the mercury, is filled with 
vapour. Thi^ form of apparatus can also be employed to measure 
tensions at temperatures up to 50°, the only difference being that the 
ice is replaced Jby water at different temperatures, allowance being 
made, in each case, for the elastic force of the unexhausted air. 

In the case of temperatures below zero, the box is no longer 
required, and the globe alone is placed in a vessel containing a freez- 
ing mixture. The barometric tubes are surrounded by the air of the 
apartment. 

In this case the spac^ occupied by tne vapour is at two different 
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temperatures in different parts, but it is evident that equilibrium 
can exist only when the tension is the same throughout. But the 
tension of the vapour in the globe can never exceed the maximum 
tension for the actual temperature ; this must therefore be the tension 
throughout the entire space, and is consequently that which corre- 
sponds to the difference of level observed. 

In reality what happens is as follows : — The low temperature of 
the globe causes some of the vapour to condense; equilibrium is 
consequently destroyed, a fresh quantity of vapour is produced, /enters 
the globe, and is there condensed, and so on, until the tension is 
everywhere the same as the maximum tension due to the tempera- 
ture of the globe. This condensation of vapour in the cold part of 
the spade was utilized by Watt in the steam-engine; it is thejprm- 
ciple of the condenser. 

Before Regnault, Gay-Lussac had already turned this principle to 
account in a similar manner for the measurement of low tempera- 
tures. 

By using chloride of calcium mixed with successively increasing 
quantities of snow or ice, the temperature can be brought as low as 
— 32®C, (—25*6® R), and it can be shown that the tension of the vapour 
of water is quite appreciable even at this point. 

273. Measurement of Maximum Tensions for Temperatures above 50®. 
—In investigating the tension of the vapour of water at temperatures 
above 50®, Regnault made use of the fact that the maximum tension 
of steam at the boiling-point is equal to the external pressure. 

His apparatus consists (Fig. 261) of a copper boiler containing 
water wliich can be raised to different temperatures indicated by 
very delicate thermometers.- The vapour produced passes through a 
tube inclined upwards, which is kept cool by a constant current of 
water ; in this way the experiment can be continued for any length 
of time, as the vapour formed by ebullition is condensed in the tube, 
and flows back into the boiler. The tube leads to the lower part of 
a large reservoir, in which the air can be either rarefied or com- 
pressed at will. This reservoir is in communicatiun with a mano- 
meter. The apparatus shown in the figure is that employed for 
pressures not exceeding 5 atmospheres. Much greater pressures, 
extending to 28 atmospheres, can be attained by simply altering the 
dimensions of the apparatus without any change in its principle 
The manometer employed in this tease was the sarfte as that used in 
testing Boyle's law, consisting of atlong column of mercury (§ 121). 



353 


MAXIMUM TENSIONS OF VAPOURS. 

la i^siag this apparatus, the air in the reservoir is fii*st rarefied 
until the water boils at about. 50** C. ; the occurrence of ebullition 
being recognized by its characteristic sounds and by the temperature 



Fig. 2G1.— Regiiault’8 Apparatua for High Tomxxsratuwa, 


remaining invariable. This steadiness of temperature is of great 
advantage in malting the observations, inasmuch as it enables the 
thermometers to come into perfect equilibrium of temperature with 
the water. The tension indicated by the manometer during ebulli- 
tion is exactly that of the va[)Our produced. By admitting air into 
the reservoir, the boiling-point is raised by successive steps until it 
reaches 100®. After this, air must be forced into the reservoir by a 
compressiop-pump. 

, The following is an abstract of the results thus obtained: — 


Temperatures 

Centigrade. 


Tenfdona in 
Millimetres of 
Mercury. 

Temperatures 

Centigrade. 

Tensions in 
Millimetres of 
Mercury. 



. . . 0-32 

5 “ . . . 

.... 6-58 

-20 . . 


, . . 0-93 

10 . . . 

.... »17 

-10 . . 

• • • 

. . . 209 

15 . . . 

.... 1270 

- 6 . . 


. . . 311 ^ 

‘ 20 . <! . 

.... 17-89 

0 . . 


. .• . 4-60 • 

25 . . . 

.... 28-56 
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Centigrade, 

. 

85 . 
40 , 
45 . 
50 . 
55 . 
60 . 
65 . 


Tenidons in 
HillimetreB of 
Mercuiy. 

. 31*55 
, 4r82 
. 54*91 
. 71*39 
. 91*98 
. 117*47 
. 148*70 
, 186*94 


Temperatures 

Centigrade. 

Temioss in 
MlUimetres of 
JAeroory. 

70®. . .. 

... 283*09 

76 . . . . 

. . . ’288-61 

80 ... . 

. , . 354*64 

86 ... . 

. ' . . 433*04 

90 . \ . . 

‘. . . 525*45 

95 • . ^ . 

. . . 633*77 


iOO . 76^*00 


TenBions in Tenaions in 

AtqLospliereB. ^ Atmoepheree. 


100® . . , 1 180® 9*929 

121 ^ 2*025 189 12*125 

134 3*008 199 16*062 

144 4*000 213 19*997 

162 . ; 4*971 225 25*126 

159 5*966 * 239 27*634 

171 8*036 


274. Curves of Vapour-tension. — The comparison of these tensions 
with their corresponding temperatures affords no clue to any simple 
relation between them which might be taken as the physical law of 
the phenomena. It would appear that the law of variation of 
nfiaximum tensions is incapable of being thrown into any. simple 
expression— “judging at least from the failure of all efforts hitherto 
made. An attentive examination of the above table will enable us 
to assert only that the maximum tension varies very rapidly with 

the temperature. Thus be- 
tween O*’ and 100® the variation 
is only 1 atmosphere, but be- 
tween 100® and 200® it is about 
16, and between 200® and 230® 
about 13 atmospheres. 

The clearest way of repre- 
senting to the mind the law ac- 
cording to which vapour-ten-^ 
sion varies with temperature, is 
by means of a curve whose or- 
dinates represent vapour-ten- 
Fig. 2C2. sions, while the abscissae repre- 

, sent the corresponding tem- 

peratures. Such a curve is exhibited in 262. Lengths propoi- 
tional to the temperatures, reckone(?v from 0® 0., are^aid off* on the 
base-line (called the line of abscissae), ahd perpendiculars (called ordi- 
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nates) are erected at their extremities, the lengths of these perpendi- 
culars being made proportional to’ the vapour-tensions. The scales 
eiAployed for the two sets of lengths are of course quite independent 
of one another, <their selection being merely a question of convenience. 
The curve itself is obtained by joining the extremities of the per- 
pendiculars, talcing care to avoid sudden changes of direction ; and 
it hot. only serves to convey to the mind an idea of the amounts of 
vapour- tensions and their rates of variation at different tempera- 
tures, but also furnishes the readiest means of determining the 
vapour -tensions at temperatures intermediate between those of 
observation (see §88 b). 

It will be noticed that the curve becomes steeper as the tempera- 
ture increases, indicating that the tension increases faster than the 
temperature. 

275. Empirical Formulae. — Though all attempts at finding a rational 
formula for vapour-tension in terms of temperature have hitherto 
failed, it is easy to devise empirical formulm which yield tolerably 
accurate results within a limited range of temperature; and by 
altering the values of the constants in such a formula by successive 
steps, it may be adapted to. represent in succession tlie different por- 
tions of the curve above described. 

The simplest of tliese approximate formulse^ is that of Dulong and 
Arago, which may be written — 



and gives the maximum tension in aiwmphere.% corresponding to 
the temperature C° Centigrade, or Fahrenheit. This formula is 
rigorously correct at 100°C., and gives increasing errors as the tem- 
perature departs further from this centre, the errors amounting to 
about 1 J per cent, at the temperatures 80® C. and 225® C. Hence it 
appears that between these limits the maximum tension of aqueous 
vapour is nearly proportional to the fifth power of the excess of the 
temperature above — 40°C. 

276. Tensions of the Vapours of Different Liquids. — Dalton held that 
the vapours of different liquids have equal tensions at temperatures 
equally removed from their boiling-points. Thus the boiling-point 
of alcohol being 78®, the tension of alcohol vapour at 70® should be 
equal to that of^the vapour of w§-ter at 92®. If tljis law were correct, 

' Foar a mom aocurftto formul^ seo Jlankint on Stc(iin*cngin€f p. 237. 
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ifc would only be necessaiy to know the boiling-point of any licjuid in 
order to estimate the tension of its vapour sit any given temperature; 
but subsequent experiment has shown that the law is far from being 
rigorously exact, though it is approximately correct for temperatures 
differing by only a few degrees from the boiling-points. 

Begnault has performed nunierous experimenta on the vapour- 
tensions of some of the more volatile liquids, employing for this 
purpose the same form of apparatus which had served for dater- 
miniog the tensions of aqueous vapour. The following are ‘some of 
his results f— y 

Vapoub or Alcohol. - 


Temperatures 

Tensions in i 

Temperatures * 

Tensions in 

Oeutigrade. 

Millimetres. 

Oeutigrade. 

Millimetres. 

-20° . . , 

, . . . 3-24 

+ 80“ . . . , 

. . 78-62 

0 . . . 

, . . . lC-70 

100 ... . 

. . 1697*55 

+ 10 . . . 

. . . 24-23 1 

155 ... . 

. . 6259*19 


Vapoue op Ether. 


-20° . . . 

. . . 68*90 I 

+ 80° . . . . 

. . 6^4*80 

0 . . . 

. . . . 184-39 ! 

100 ... . 

. . 4963-30 

+ 10 . . , 

, . . . 286-83 

120 ... . 

. . 7719*20 


Vapour op Sulphide op Carbon. 


-20° . . , 

. . . . 47*30 

+ S0“ . . . . 

. . ,434*62, 

0 . . . 

, . . . 127-91 

100 ... . 

. . 8326*16 

+ 10 . . . 

. . . 198*46 

150 

. . 9095*94 


277. Expression of Vapour-tension in Absolute Measure. — The 
maximum tension of a given vapour at a given temperature is, from 
its very nature, independent of geographical position, and should 
therefore, properly speaking, be denoted by one and the same number 
at all places. Tliis numericljal uniformity will not exist if the tension 
be expressed, as in the preceding sections, in terms of the length of 
a column of mercury which balances it. For example, in order to 
adapt Regnault’s determinations to London, we must multiply them 
by the fraction Iff f, inasmuch as 3456 millimetres of mercury exert 
the same pressure at London as 3457 at Paris. In general, to adfipt 
determinations of pressure made at a place A, to another jplace B, we 
must multiply them by the fraction 

gravity ftt A 
gravity at B* 

If the length of mercurial column at O^C. which balances a vapour- 
tension at a given place be multiplied by the value* of g (denoting 
intensity of gravity) at that place, ttie produfit may be called the 
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absolute value of the vapour-tension ; for the products thus obtained 
will be the same at all localities. This is the proper mode of treat- 
ing determinations of vapour-tension made at various localities when 
it is desired to establish a rigorous comparison between them. 

278* Laws pf GombinatiQn by Volume. — It was discovered by Gay- 
Lussac, that when two or more gaseous elements at the same tem- 
perature and pressure enter into chemical combination with each 
other, the two following laws apply: — 

^ J. The volumes of the components bear a very simple ratio to each 
other, such as 2 to 3, 1 to 2, or 1 to 1. 

2. The volume of the compound has a simple ratio to the sum of 
the volumes of the components. 

Ammonia, for example, is formed by nitrogen and hydrogen unit- 
ing in the proportion of one volume of the former to three of the 
latter, and the volume of the ammonia, if reduced to the same pres- 
sure as each of its constituents, is just half the sum of their volumes. 
Further investigation has led to the conclusion (which is now gene- 
rally received, though hampered by some apparent exceptions), that 
the^e laws apply to all cases of cliemical combination, the volumes 
compared being those which would be* occupied respectively by the 
combining elements and the compound which they foiyn, v)hen 
reduced to the state of va'poWy at such a temperature and pressure 
as to be very far removed from liquefaction, and consequently to 
possess the properties of what we are accustomed to call pennanent 
gases. 

It is obvious that if all gases and vapours were equally expansible 
by heat, the volume-ratios referred to in this law would be the same 
at all temperatures; and that, in like manner, if they were all equally 
compressible (whether obeying Boyle’s law, or departing equally 
from it at equal pressures), the volume-ratios would be independent 
of the pressure at which the comparison was made. 

In reality great differences exist between different vapours in both 
respects, and these inequalities are greater as the vapours are nearer 
to saturation. « It is accordingly found that the above laws of volume- 
ratio' often fail to apply to vapours when under atmospheric pressure 
and within a few degrees of their boiling-points, and that, in such 
cases, a much nearer fulfilment of the law is obtained by employing 
very high temperatures, or operating in inclosures at very low pres- 
sures. 

278a. Eelatiou of Vapour-deiiEltieB to Chemical Equivalents.— Chem- 
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lets have determined with great accuracy the combining proportions 
by weight of most of the elements^ Hence the preceding laws can 
be readily tested for bodies which usu&lly exist in the, solid or liquid 
form, if we are able to compare the densities of their yapoura Ip 
fact, if two such elements combine in the ratio, by weight, of Wj tow,, 
we have 



Vj Wj dj dj denoting the volumes and densities of the vapours of 
weights -Wi Wj of the two substances. 

Hence we have the equation — 

Vi Wx do 

which gives the required volume-ratio of the vapours, if the ratio of 
their densities be know’n. 

The densities themselves will differ enormously according to the 
pressure and temperature at which they are taken, but their ratio 
will only vary by comparatively small amounts, and would not differ 
at all if they were equally expansible by heat, and equally com- 
pressible. Hence comparison will be facilitated by tabulating the 
ratios of the densities to that of some standard gas, namely air, under 
the same conditions of pressure and temperature, rather than the 
absolute densities. This is accordingly the course which is generally 
pursued, so generally indeed, that by the vapour-density/ of a sub- 
stance is commonly understood the relative density as measured by 
this ratio. 

The process most frequently employed for the determination of 
this element is that invented by Dumas. 

279. Dumas' Method. — The apparatus consists of a glass globe B, 
containing the substance which is to be converted into vapour. 

The globe is placed in a vessel 0, containing some liquid wfiich 
can be raised to a suitable temperature. If the substance to be 
operated on is one which can be vaporized at 100^0., the bath con- 
sists simply of boiling water. When higher temperatures are 
required, a saline solution, oil, or a fusible alloy is employed. In all 
cases, the liquid should be agitated, that its temperature may be the 
same in all parts. This temperature is indicated by the thermo- 
meter t ' ' 

When the substancfi in the globe has attained its boiling-point, 
evaporation proceeds rapidly, and ffce vapoui* escapes, carrying out 
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ths air along with it. When the vapour ceases to issue^ we may 
assume^ if the quantity of matter originally taken has been sufli- 
eientlys large, that all the 
.air has been expelled, and 
that the globe ds full *of 
vapour at the temperature 
given by the thermometer, 
and at the external pres- 
sure H. The globe is then 
hermetically sealed at the 
extremity p of the neck, 
which has been previously 
drawn out into a fine tube. 

280. Calculation of the 
Experiment. — As already 
remarked, the densities of 
vapours given in treatises 
on chemistry express the 
ratio of the weight of a given volume of the vapour to that of the 
same volume of air at the same temperature and pressure. In order 
to deduce this ratio from the preceding experiment, we must first find 
the weight of the vapour. This is done by weighing the globe with 
its content^g, after allowing it to cool. Suppose the weight thus found 
to be W. Before the experiment the globe had been weighed full of 
dry air at a known temperatiire t and pressure h. Suppose this 
weight to be W'; the difference W — W' evidently represents the 
excess of the weight of the vapour above that of the air. If, then, 
we add W — W' to the weight of the air, we shall evidently have the 
weight of the vapour. Now the weight of the air is easily deduced 
from the known volume of the globe. If V denote this volume at 
zero expressed in litres, the weight in grammes of the air con- 
tained in the globe at the time of weighing is 

V(1 + K0 1-293.^^.^A, 

K denoting the coeflScient of cubical expansion of glass, and a the 
coefficient'\>f expansion of air. The weight of the vapour contained 
in the globe is consequently 

A=W-W' + V(l + K«)xl-298xj^. A. 

Let H be the presedre, and TJ the temperature at the time of sealing 



Fig. 263.— -Dumaa’ Ari'iuatus. 
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the globe. The volome occupied by the vapour under these (urcum- 
stances yrsa Y (1 -f KT). The density of the vapour will therefore 
be obtained by dividing A by the weight of this volume of air at the 
same temperature and pressure. But this weight is 

A'=V (1 + KT). 1-293. , 
hence, finally, the required relative density is 


W- W'+V(l + K«). 1-293. —L- 

jP_A ^ + 


A 

.760 


A' 


V(1 + KT). 1*293 < 


1 + aT 


ir- 

760 


The correctness of this formula depends upon the assumption that 
no air is left in the globe. In order to make sure that this condi- 
tion is fulfilled, the point p of the neck of the globe is broken off 
under mercury; the liquid then rushes in, and, together with the 
condensed vapour, fills the globe completely, if no air has been left 
behind. 

. This last operation also affords a means of calculating the volume V ; 
for we have only to weigh the mercury contained in the globe, or to 
measure it in a graduated tube, in order to ascertain its volume at 
the actual temperature, whence the volume at zero can easily be 
deduced. 

281. Example, — In order better to illustrate the methfd, we shall 
take the following numerical results obtained in an investigation of 
the vapour-density of sulphide of carbon : — 

Excess of weight of vapour above weight of air, W—W'= *3 gramme; 
temperature of the vapour T = 59°; external pressure H=752’5 milli- 
metres; volume of the globe at a temperature of 12°, 190 cubic centi- 
metres; temperature of the dry air which filled the globe at the time 

of weighing, i=15°; pressure /i=:765; K= 

The volume V of the globe at zero is 

190 


1 + 


88700 


-189*94 cubic centimetres = *18994 litre. 


The weight of the air contained in the globe is 

•18994 X 1-298 . (l + — - ^ . -1 

V 88700.^ 1 + 12 X 

Weight of the vapour, , 




•28668 + W-.W'= 


gramme, 
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Tho weight of the same volume of air at the same temperature and 
pressure is 


•18994 X 1'298 + -iL\ . 1 ^ . 

V 88700/ 1 + *00306 x 6lf 


700 




The density is therefore , 


•68608 

‘•20“0~19 


2-67. 


Deville and Troost have effected several improvements in the appli- 
cation of Dumas’ method to vapours at high temperaturea Tli^e 
temperatures are obtained by boiling various substances, such as 
chloride of zinc, cadmium, which boils at 8G0®C., or zinc, which boils 
at 1040° C. For temperatures above 800°, the glass globe is replaced 
by a globe df porcelain, which is hermetically sealed with the oxyhy- 
drogen bloWpipe. The globe itself serves as a pyrometer to deter- 
mine the temperature; and since the weight of air becomes very 
inconsidei’able at high temperatures, some heavier vapour, such tis 
that of iodine, is substituted in its place. If we suppose, as we may 
fairly do, that at these high temperatures the coefficient of expansion 
of the vapour of iodine is the same as that of air, flie temperature 
may easily be deduced from the weight of iodine contained in the 
globe. We subjoin a table of some, relative densities of vapours 
obtained by this method: — 


Water, 0*622 Phosphorus, 4*6 

Alcohol, 1*6138 Cadmium, 3*94^ 

Ether, 2*586 Chloride of aluminium, . . 9*347 

Spirit of turpentine, , . 6*0130 Bromide of aluminium, . 18*02 

ledine, 8*716 Chloride of zirconium, . . 8*1 

Sulphur, 2*23 Sesquichloride of iron, . ,11*39 


282. Limiting Values of Relative Densities. — In investigating the 
relative density of acetic acid vapour, Cahours found that it went 
on decreasing as the temperature increased, up to a certain point, 
after which no further change was observable. A similar circum- 
stance is observed in the case of all' substances, only in different 
degrees. The vapour of sulphur, for instance, has a rclativ^e density 
of 6‘G5 at 600° C., while at about 1000° G it is only 2 23. This 
indicates that the vapours in question are more expansible by heat 
than air ub'til the limiting temperatures are attained. Indeed it may 
be laid down as a general principle, that th6 nearer a vapour is to 
saturation the greater ih the change produced in its absolute density 
by a'^ven chatige whether of temperature or, pressure. The lipiiting 
density-ratio is .alws£|ys that which it is most important to determine, 
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and vre should oonsf^q^aeutly take pare that the temperature of the 
vapour is sufficiently h%h to enable us'to obtain it 
S88. Gay-LuBsac’s Method. — Qay-Lils^ determined the density of 
the vapour of water and of some other liquids by a method a little 
moie complicated than that described above, and which for that 
• reason has not been generally adopted in the laboratory. We proceed 
to describe it, however, on account both of its historical interest and 
of the importance of the question which it has assisted in solving. 

A graduated tube divided into cubic centimetres, suppose, is filled 
With mercury, and inverted in a cast-iron vessel containing the same 
liquid. The inverted tube is surrounded by a glass envelope con- 
taining water, as In Dalton’s apparatua A small glass bulb contain- 
ing a given weight w ’fexpressed in ^ammes) of distilled water is 
' passed into the tube, and rises to the surface of the mercury. The 

temperature of the apparatus is then 
raised by means of a fire below, the bulb 
burets; and the water which it contmned 
is converted into vapour. If the qiran- 
tity of water be not too great, ij; is all 
converted into vapour; this is known 
to be the case when, at the temperature 
of about 100", the mercury stands higher 
in the tube than ih the vessel, for if 
there were any liqmd-water present, 
the space would be saturated, and the 
tension of the vapour would be equal to 
the external pressure. This arrange- 
ment accordingly gives the weight of a 
known volume of the vapour of water. 
Tliis volume, which may at once be read upon the graduated tube, is 
equal to V (1-f KT), T being the number of divisions occupied by 
the vapour. The temperature T is marked by a thermometer im- 
mersed in the water contained in the envelope. The tension of the 
vapour is evidently equal to the external pressure mmm the height 
of the mercury in the tube. 

In order to find the relative density, We-must divide w by the 
weight of a volume V- (1 -f KT) of ait at the temperature Tand pres- 
sure giving 

.V o + Kp 



Fig. 204.— Gay-Lu88no’> Apparatus. 
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The relative density of the vapour of watiSr, a« thus detemuned by 
Gay-Ltisaae, is about f, or ftgS.. Several lAent investigations have 
given as mesa iMilt '622, which agrees with the tiieoreticsl density 
.deduced 0ite composition, of water,^ 

«84. Volaasii oJT^Vapour formed by a given Weight of Water.— When 
the density of thb vapour of water is known, the increase of volume 
which occurs when a given quantity of water passes into the state 
of vapour may eamly be calculated. Suppose, for instance, that' we 
wish to find the volume which a cubic centimetre of water at 4* will 
occupy in the state of vapour at 100°. At this temperature the 
tension of the vapour is equal to one atmos])hcrc, and its weight is 
equal to *622 times the weight of the same volume of air at the same 
temperature and pressure. Jf then V he the volume in litres, we 
.have (in grammes) 

V X 1'293 X -622=1, 

l+lOOo 

whence 

»l-698 lit.=1698 cubic centimetroB. 

1-293 X -022 -804246 

Hence we see that water at 4° gives about 1700 times its volume of 
vapour at 1 00° 0. 

The latent heat of evaporation is doubtless connected with this 
increase of volume ; and it may be remarked that both these elements 
appear to be greater for water than for any other substance. 

^ Water ia oompoaed of 2 volumes of hydrogeu, and 1 volume of oxygen, forming 2 
volumes of vapour of water. The sum of the density of oxygen and twice the density of 
hydrogen is 1*244, and the half of this is exactly '622. — D, 







